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 Preface

       Research and development in epoxy polymers was a hot subject in the 1970s and 
1980s when most of the fundamental knowledge in the fi eld of thermosetting 
polymers was established. During this period different chemistries involved in 
the synthesis of epoxy networks were understood, modelling of network forma-
tion was described using different levels of complexity, transitions occurring 
during network formation (e.g., gelation and vitrifi cation) were described and 
predicted, transformation diagrams were developed to rationalize cure cycles, 
structure vs. properties relationships were accurately established based on model 
systems, and so on. On the other hand, in the same period, industry developed 
new formulations and processing techniques for the various applications of epoxy 
polymers, such as adhesives, coatings and composites. Applications extended to 
different sectors including building, electronics, sports goods, automobile, aircraft, 
and so on. 

 However, what could be regarded as an established fi eld at the end of the 1990s 
has, for a number of reasons, been strongly revitalized since the start of this 
century. First, the magic  “ nano ”  prefi x that has pervaded everything is also produc-
ing strong changes in the fi eld of epoxies. Formulations containing nanoclays, 
polyhedral oligomeric silsesquioxanes (POSS), block copolymers (BCP), carbon 
nanotubes (CNT), and so on are being continuously developed, tested and com-
mercialized. Epoxies are fi nding important applications in expanding fi elds such 
as the manufacture of blades for wind - mills converting eolic energy into electricity 
or foams for electronic applications. New formulations based on epoxyacrylates 
have been developed as high performance coatings. Thermoplastic epoxies com-
peting with conventional thermoplastic polymers in many applications are com-
mercially available. Formulations that can be processed like thermoplastics and 
cured like thermosets have been developed. New processing techniques providing 
high cure rates are available.  “ Green chemistry ”  has also entered the fi eld of 
epoxies. Different monomers derived from a variety of natural products are now 
available and their participation in commercial formulations will certainly increase. 
Epoxies also contribute to the development of advanced functional materials. Self -
 healing, shape memory and transparent – opaque transitions are some of the 
advanced properties that may be achieved with formulations based on epoxy 
polymers. 
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 XVI  Preface

 The aim of this book is to describe and analyze the perspectives of commercial 
use of the new materials and innovations in the fi eld of epoxy polymers developed 
in recent years. For this purpose we gathered a set of experts from industry and 
academia, with a broad geographical distribution. We thank the authors of the 
individual chapters for their willingness to participate in this book and for their 
excellent contributions in their fi elds of expertise.   

  Jean - Pierre Pascault  
  Roberto J. J. Williams         



   XVII

 List of Contributors     

     Doug Adolf  
 Sandia National Laboratories 
 Albuquerque, NM 87185 - 0346 
 USA 

    Volker Altst ä dt  
 University of Bayreuth 
 Department of Polymer 
Engineering 
 Faculty of Applied Natural 
Science 
 Universitaetsstrasse 30 
 95447 Bayreuth 
 Germany 

    Mathew Celina  
 Sandia National Laboratories 
 Albuquerque, NM 87185 - 0346 
 USA 

    Stephan Costantino  
 Huntsman Advanced Materials 
 Klybeckstrasse 200 
 4057 Basel 
 Switzerland 

    Jannick Duchet - Rumeau  
 Universit é  de Lyon 
 INSA - Lyon, LMM/IMP, UMR CNRS 
5223 
 B â t. Jules Verne 
 20 Avenue Albert Einstein 
 69621 Villeurbanne Cedex 
 France 

    Thomas Fine  
 CRRA, ARKEMA 
 Nanostrength Development 
 BP 63 
 69493 Pierre B é nite 
 France 

    Carmen Flosbach  
 Dupont Performance Coatings GmbH 
 Christbusch 24 
 42285 Wuppertal 
 Germany 

    Roger Fugier  
 DuPont Powder Coatings France S.A.S. 
ZI Croix Meyssant 
 Route de Feurs 
 42600 Savigneux 
 France 

Epoxy Polymers. Edited by Jean-Pierre Pascault and Roberto J. J. Williams
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32480-4



 XVIII  List of Contributors

    Alessandro Gandini  
 University of Aveiro 
 CICECO and Chemistry 
Department 
 3810 - 193 Aveiro 
 Portugal 

    Pierre G é rard  
 GRL, ARKEMA 
 BP 34 
 64170 Lacq 
 France 

    Cristina E. Hoppe  
 University of Mar del Plata and 
National Research Council 
(CONICET) 
 Institute of Materials Science 
and Technology (INTEMA) 
 Av. J. B. Justo 4302 
 7600 Mar del Plata 
 Argentina 

    Raber Inoubli  
 GRL, ARKEMA 
 BP 34, 64170 Lacq 
 France 

    Michael W. Keller  
 The University of Tulsa 
 Department of Mechanical 
Engineering 
 L173 Keplinger Hall 
 800 S. Tucker Dr. 
 Tulsa, OK 74104 - 3189 
 USA 

    Libor Mat ě jka  
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   1

 General Concepts about Epoxy Polymers  
  Jean - Pierre   Pascault   and   Roberto J.J.   Williams        

   1.1 
 Polymerization Chemistry of Epoxy Monomers 

  1.1.1 
 Typical Epoxy Monomers and Polymer Growth Mechanisms 

 The most popular epoxy monomers are those derived from the reaction of bis(4 -
 hydroxy phenylene) - 2,2 propane (called bisphenol A) and 1 - chloroprene 2 - oxide 
(called epichlorohydrin), in the presence of sodium hydroxide. The structure of 
the major product, bisphenol A diglycidyl ether (DGEBA or BADGE) and its con-
densed forms (Table  1.1 a), is dependent upon the stoichiometry of the reactants. 
Typical monomers ( “ resins ” ) are marketed with  n  values lying in the range 0.03 –
 10. At room temperature these monomers are crystalline solids for  n  values close 
to zero, liquids for  n  values up to  n    =   0.5, and amorphous solids (glass transition 
temperature,  T  g   ∼  40 – 90    ° C) for higher  n  values.   

 Another major group of epoxy monomers derived from epichlorohydrin is that 
comprising monomers synthesized with an aromatic amine, such as methylene 
dianiline (TGMDA) (Table  1.1 b). 

 Oxirane groups can be generated by peroxidation of carbon – carbon double 
bonds. Types of such oligomers are epoxidized oils or cycloaliphatic oxides (Table 
 1.1 c). 

 Epoxy monomers containing vinyl groups, like glycidyl (meth)acrylate or glycidyl 
oxystyrene (Table  1.1 d), can be used for the synthesis of functional oligomers. 

 Linear or crosslinked epoxy polymers are obtained by reaction of the epoxy 
monomers with co - monomers ( “ hardeners ” ) and/or initiators. Epoxy polymers 
can be produced by step or chain polymerizations or, eventually, by a combination 
of both mechanisms. 

 Step - growth polymerization proceeds via a step - by - step succession of elemen-
tary reactions between reactive sites. Each independent step causes the disappear-
ance of two co - reacting sites and creates a new covalent bond between a pair of 
functional groups. The number of reactive sites per monomer (functionality) and 
the molar ratio between co - reactive sites are the main parameters that control the 
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 2  1 General Concepts about Epoxy Polymers

polymer structure. To obtain linear polymers, the reactants must be bifunctional; 
monofunctional reactants interrupt the polymer growth. A condition to obtain 
crosslinked polymers is that at least one of the monomers has a functionality 
higher than 2. The molar mass of the product grows gradually and the polydisper-
sity tends to 2 for a linear polymer; for a crosslinked polymer the mass - average 
molar mass becomes infi nite at a critical conversion (gelation). 

 Chain - growth polymerization is characterized by the presence of initiation, 
propagation, chain transfer and termination steps. In the case of epoxies, the 
initiation step produces an ion (either an anion or a cation) that is called the active 
center of the polymerization. The ion may be generated by a chemical reaction or 
by an adequate source of irradiation. Once active centers are generated they 
produce primary chains by the consecutive addition of monomers through the 

 Table 1.1     Formulas of the main epoxy monomers ( “ resins ” ). 

  (a) Diglycidyl ether of bisphenol A, DGEBA (or BADGE)  

      

  (b)  N,N,N  ' , N  '  - tetraglycidyl - 4,4 '  - methylene dianiline (TGMDA)  

      

  (c) 3,4 - epoxycyclohexyl methyl 3 ' ,4 '  - epoxy cyclohexane carboxylate  

      

  (d)  p  - glycidyl oxystyrene (GOS) and glycidyl methacrylate (GMA)  
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propagation step of the reaction. As active centers are always present at the end 
of primary chains, the propagation reaction continues until it becomes interrupted 
by a chain transfer step or a termination step. The main parameters controlling 
the polymer structure are the functionality of monomers, the molar ratio between 
initiator and monomers, the concentration of species that are involved in chain 
transfer steps, and temperature (thermal cycle) that affects the relative rates of 
different steps.  

  1.1.2 
 Step Growth Polymerization 

 Epoxy groups can react with amines, phenols, mercaptans, isocyanates or acids. 
Amines are the most commonly used curing agents/hardeners for epoxides and 
the case of step - growth polymerizations is mainly represented by epoxy - amine 
reactions. 

 Epoxy groups react with primary and secondary amino hydrogens (NH):

       

(1.1)  

       

(1.2)   

 Usually when the concentration of epoxy groups is equal to or lower than the 
concentration of NH groups, side reactions do not take place. The epoxy – amine 
reaction is therefore suitable for the synthesis of  “ model ”  networks. The reactivity 
of the amine increases with its nucleophilic character: aliphatic    >    cycloaliphatic    >    
aromatic. Aliphatic amines are used for low - temperature curing systems (adhe-
sives, coatings, etc.), and aromatic diamines for composite materials. 

 Hydroxy groups catalyze the reaction through the formation of a trimolecular 
complex, which facilitates the nucleophilic attack of the amino group. As sec-
ondary alcohols are continuously generated, epoxy – amine reactions are autocata-
lyzed  [1] . 

 When there is an excess of epoxy groups or when the secondary amino groups 
have a low reactivity, a third reaction can compete with the two previous ones:

      

 (1.3)

   

 The epoxy – hydroxy reaction (also called etherifi cation) modifi es the initial stoichio-
metric ratio based on epoxy to amino hydrogen groups.  

  1.1.3 
 Chain Homopolymerization 

 Epoxy groups can react with both nucleophilic and electrophilic species. Thus 
both Lewis acids and bases are able to initiate the chain polymerization of epoxy 
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monomers  [1] . Commonly used initiators (often named  “ catalytic ”  curing agents 
in the literature) include tertiary amines, imidazoles, or ammonium salts for 
anionic chain polymerization, and boron trifl uoride complexes, complex aromatic 
salts of Lewis acids such as diaryl iodonium, triarylsulfonium, or arene diazonium 
for cationic chain polymerization. 

 Propagation proceeds through an alkoxide (anionic polymerization) or an 
ozonium (cationic polymerization):

       

(1.4)

  

      

 (1.5)   

 Chain transfer and complex termination steps arrest the chain propagation leading 
to relatively low values of the average degree of polymerization of primary chains 
(typically less than 10). The chain polymerization of epoxy monomers bearing two 
or more epoxy groups in the structure leads to networks  [2] .  

  1.1.4 
 Chain Copolymerization 

 While the epoxy – acid reaction follows a stepwise mechanism, the reaction of 
epoxides with cyclic anhydrides initiated by Lewis bases takes place through a 
chainwise copolymerization. 

 Initiation involves the reaction of the Lewis base with an epoxy group, giving 
rise to a zwitterion that contains a quaternary nitrogen atom (when the base used 
is a tertiary amine) and an alkoxide anion. The alkoxide reacts at a very fast rate 
with an anhydride group, leading to a species containing a carboxylate anion as 
the active center:

       

(1.6)   

 This ammonium salt can be considered as the initiator of the chainwise 
copolymerization:



 1.1 Polymerization Chemistry of Epoxy Monomers  5

       

(1.7)   

 Propagation occurs through the reaction of the carboxylate anion with an 
epoxy group, regenerating the alkoxide ion which reacts rapidly with an anhydride 
group, regenerating the carboxylate anion ( k  p2  is much faster than  k  p1 ). This 
results in an alternating chainwise copolymerization of epoxide and anhydride 
groups  [3] .

       

(1.8)   

 The presence of a chainwise mechanism and the strictly alternating copolymeriza-
tion was confi rmed by characterizing the linear copolymer formed in the reaction 
of  phenyl glycidyl ether  ( PGE ) with phthalic anhydride  [4] . Molar masses were in 
the range of 4 – 80   kg   mol  − 1 , depending on the initiator used and on the purity of 
the starting materials.  

  1.1.5 
 Dual Polymerization Systems 

 In some formulations, epoxy – amine reactions or epoxy – phenol reactions are 
accelerated by the addition of a Lewis acid (typically a BF 3  - amine complex) or a 
Lewis base (often a tertiary amine or an imidazole), as  “ catalysts ” . The chemistry 
of the cure process becomes complex because both step - growth and chain - growth 
mechanisms are operative in polymer formation, and the competition between 
both pathways depends on the cure temperature. The stoichiometry correspond-
ing to the step growth reaction is usually not respected. Generally, a large excess 
of epoxy groups is initially introduced in the formulation, but the optimum for 
processing and properties is only obtained experimentally. This situation is typical 
of formulations based on  dicyanodiamide  ( Dicy ) as hardener:

     

 Dicy is a very versatile hardener widely used in one - pack epoxy formulations 
for prepregs, laminates, powder coatings, and so on. Its latency as a curing 
agent lies in its high melting point ( T  m    =   207    ° C) and in its low solubility in 
epoxy monomers. The reactions of Dicy with epoxy groups are more complex 
than those occurring for a typical diamine and are also complicated by the fact 
that an  “ accelerator ” , such as a tertiary amine, is often used. The accelerator 
behaves also as an initiator of the anionic chain polymerization. Therefore, the 
polymer network is produced by a combination of stepwise and chainwise polym-
erizations  [5] .   
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  1.2 
 Transformations During the Formation of an Epoxy Network 

  1.2.1 
 General Considerations 

 As discussed in the previous section, typical epoxy monomers used to generate 
a polymer network have two or more epoxy groups per molecule. For example, 
 diglycidylether of bisphenol A  ( DGEBA ) has two epoxy groups in its structure 
while   N , N , N ′  , N ′   - tetraglycidyl - 4,4  ′   - methylene dianiline  ( TGMDA ) has four epoxy 
groups per molecule. The functionality of an epoxy monomer is defi ned by 
the number of  “ arms ”  (bonding sites) with which it participates in the forma-
tion of the polymer network. For example, DGEBA is bifunctional in the 
reaction with amine hydrogens but it is tetrafunctional in its homopolymeriza-
tion or in the reaction with cyclic anhydrides (a bifunctional co - monomer). A 
necessary (although not suffi cient) condition for the formation of an epoxy 
network is that at least one of the monomers involved in the reaction has 
functionality higher than two. Therefore, in the typical reaction of DGEBA 
with amines, the formation of a polymer network requires that the amine has 
a functionality higher than 2 (more than 2 amine hydrogens in the structure). 
Typically, aliphatic, cycloaliphatic or aromatic diamines (tetrafunctional co -
 monomers) are employed to generate a crosslinked polymer by reaction with 
DGEBA. 

 A polymer network may also be formed by combining two different reactions. 
For example, a linear polymer end - capped with epoxy groups may be formed by 
reacting an excess of DGEBA with a monoamine. Alternatively, a branched 
polymer may be generated by reaction of an appropriate DGEBA excess with a 
diamine. In a second step the homopolymerization of terminal epoxy groups by 
addition of a suitable initiator (for example, an imidazole), may be carried out to 
produce a polymer network. 

 Networks described so far are based on the formation of covalent bonds by a 
chemical reaction. Another type of polymer network may be produced by bonding 
linear or branched chains by secondary forces like Van der Waals interactions or 
H - bonds. The network produced in this way is a physical network and its most 
outstanding property is that it can be reversibly transformed from a solid (physical 
network) to a liquid (linear or branched polymer chains) by increasing the tem-
perature or by using a suitable solvent. Examples of physical epoxy networks will 
be described in Chapter  6 .  

  1.2.2 
 Gelation 

 Gelation is a critical transition that takes place during the formation of the polymer 
network and corresponds to the generation of a giant macromolecular structure 
that percolates the reaction medium. Macroscopically this transition is character-
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ized by the change from a liquid to a solid (the sample viscosity tends to infi nite). 
In the post - gel stage there is an increase in cross - link density with a corresponding 
increase in the elastic modulus of the solid. The fraction of polymer that is soluble 
in an appropriate solvent (sol fraction) decreases sharply in the post - gel stage. In 
the case of epoxy reactions, the characteristic time scale related to the local mobility 
of functional groups after gelation continues to be much shorter than the charac-
teristic time scale to produce the chemical reaction. This means that, for most 
epoxy formulations, gelation does not infl uence the kinetics of the cross - linking 
reaction. 

 The gel conversion for a particular system may be predicted by combining a 
variety of kinetic and statistical methods  [1] . In general, the gel conversion 
decreases when increasing the functionality of the monomers. For example, for 
an ideal stepwise polymerization of an  f  - functional monomer with a  g  - functional 
co - monomer, mixed in stoichiometric amounts, the gel conversion is given by:

   x f ggel = −( ) −( )[ ]−1 1 1 2     (1.9)  

where the term ideal refers to: (i) equal reactivity of functional groups of the 
same type, (ii) absence of substitution effects (functional groups remaining in 
a partially reacted monomer keep their initial reactivity), (iii) absence of intramo-
lecular cycles in fi nite species. For the particular case of reacting DGEBA 
(  f    =   2) with a diamine ( g    =   4), the ideal gel conversion is  x  gel    =   3  − 1/2    =   0.577. 
If secondary amine hydrogens are less reactive than primary amine hydrogens, 
the gel conversion increases due to the fact that linear structures are formed 
fi rst in preference to branched structures. For the limiting case, where the 
secondary amines react only when the primary amines are exhausted, the pre-
dicted gel conversion increases to  x  gel    =   0.618. Experimental values of  x  gel  in 
the range of 0.58 to 0.60 are typical for stoichiometric formulations of DGEBA 
with diamines. 

 For chainwise polymerizations the gel conversion depends in a complex way on 
the relative rates of the different steps and on the amount of initiator added to the 
formulation. Increasing the amount of initiator leads to shorter primary chains 
and a corresponding increase in the gel conversion. 

 During processing of the epoxy formulation gelation must be avoided prior 
to the shaping of the fi nal part (for example, during mold fi lling of an injected 
part or prior to the consolidation step in autoclave processing). This is usually 
accomplished by the use of an appropriate thermal cycle. A better control is 
achieved if the system can be formulated such that the cross - linking reaction 
takes place at a signifi cant rate above a particular temperature threshold. The 
use of latent initiators may be used for this purpose in chainwise polymeriza-
tions. Alternatively, the cross - linking may be produced by combining different 
reactions in different temperature ranges. For example, epoxy - amine formula-
tions prepared with a convenient epoxy excess may be reacted to complete amine 
conversion at low temperatures to obtain an ungelled prepolymer. The reaction 
of the epoxy excess at high temperatures after the shaping operation produces 
the fi nal cross - linked material.  
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  1.2.3 
 Vitrifi cation 

 During polymerization of an epoxy formulation vitrifi cation may occur if the glass 
transition temperature of the system,  T  g , equals and becomes higher than the 
reaction temperature,  T . The condition  T  g     ≥     T , can be achieved for both isothermal 
or non - isothermal processing and before or after gelation (gelation and vitrifi cation 
are independent transitions). When the system gets into the glassy state the polym-
erization kinetics is severely retarded. The effect becomes more signifi cant with 
an increase in the difference ( T  g     −     T  ) and the reaction may be considered arrested 
for practical purposes when this difference lies in the range of 20 – 30    ° C (depend-
ing on the particular system and on the way in which  T  g  is defi ned). Unreacted 
epoxy formulations may be safely stored in the glassy state provided that ( T  g     −     T  ) 
is high enough to avoid any signifi cant advance in the polymerization reaction. 
The same procedure may be adopted for partially reacted formulations. However, 
in this case the sample must be submitted to this condition before gelation in 
order to produce the fi nal shaping when re - heating above  T  g . 

 The glass transition temperature of the reacting system increases with conver-
sion because of the increase in the molar mass during the pre - gel stage and the 
increase in cross - link density during the post - gel stage. Several expressions relat-
ing  T  g  with conversion ( x ) have been proposed in the literature. A popular one is 
the following  [6] :

   T T T T x xg g g g−( ) −( ) = − −( )[ ]∞0 0 1 1λ λ     (1.10)  

where  T  g0  is the glass transition temperature of the initial formulation,  T  g ∞   is the 
glass transition temperature of the cross - linked polymer reacted to full conversion, 
and   λ     =    Δ  c  p ∞  / Δ  c  p0 , is the ratio of changes in the specifi c heat through the glass 
transition for the fully cured and the initial samples. 

 Equation  1.10  may be used to predict the evolution of the glass transition tem-
perature with conversion for a particular formulation, provided that a  DSC  ( dif-
ferential scanning calorimetry ) characterization of the initial and fully reacted 
samples is available.  

  1.2.4 
 Reaction - Induced Phase Separation 

 Many epoxy formulations include a particular modifi er, such as a rubber, a ther-
moplastic, a liquid crystal, a foaming agent, and so on, that is miscible before 
reaction but becomes phase separated in the course of polymerization (reaction -
 induced phase separation)  [7] . The origin of phase separation is the increase in 
the average molar mass of the reacting system during the pre - gel stage and the 
increase in crosslink density during the post - gel stage. An increase in molar mass 
produces a decrease in the contribution of the entropy of mixing while, after gela-
tion, the presence of a cross - linked network generates an elastic contribution that 
limits the amount of modifi er in the swollen network. 
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 Reaction - induced phase separation is employed to produce different morpholo-
gies in the fi nal products that are appropriate to increase toughness (e.g., rubber -
 modifi ed epoxies), to generate an optical response induced by an electric fi eld 
(polymer - dispersed liquid crystals), or to produce a porous material (foam) after 
elimination of the phase - separated modifi er. By varying the initial concentration 
of modifi er and the reaction temperature (or the thermal cycle) a variety of mor-
phologies may be developed in the fi nal material. Conditions are usually selected 
to produce appropriate morphologies for the desired application but balancing a 
possible deleterious effect on other mechanical or thermal properties. A typical 
example of this balance is the case of rubber - modifi ed epoxies. Rubber addition 
increases toughness but decreases the elastic modulus and the glass transition 
temperature of the fi nal product (through the fraction of rubber remaining dis-
solved in the epoxy matrix). The amount of rubber is selected to obtain a conven-
ient balance of thermal and mechanical properties. 

 Block copolymers are used as modifi ers of epoxy formulations to obtain nanos-
tructured materials with specifi c properties (Chapter  5 ). In this case it may be that 
both blocks are initially miscible and the less - miscible block becomes phase sepa-
rated in the course of polymerization or that one of the blocks is immiscible in 
the initial formulation. Nanostructures generated during reaction or present in 
the initial system can be fi xed in the fi nal product, provided that the miscible block 
does not phase separate or undergoes only a partial phase separation after 
gelation.  

  1.2.5 
 Transformation Diagrams 

 The three independent events (phase separation, gelation and vitrifi cation) taking 
place during the isothermal polymerization of a modifi ed epoxy formulation may 
be determined by employing appropriate techniques. A set of cloud - point times 
( t  cp ), gelation times ( t  gel ) and vitrifi cation times ( t  vit ) may be obtained for different 
polymerization temperatures and plotted in a  temperature versus time transforma-
tion  ( TTT ) diagram  [8] . Figure  1.1  shows such a plot for the transitions observed 
for a formulation consisting of stoichiometric amounts of DGEBA and  ethylenedi-
amine  ( EDA ), modifi ed by 17.6% in volume of  castor oil  ( CO ), a bio - based modifi er 
 [9] . At about 37    ° C gelation and vitrifi cation take place simultaneously. At lower 
temperatures ungelled glasses are obtained.   

 The time scale of the TTT diagram may be transformed into a conversion scale 
by employing isothermal conversion vs. time curves (or the expression of the 
polymerization kinetics). In this way, the TTT diagram may be transformed into 
a  conversion versus temperature transformation  ( CTT ) diagram  [10] . Figure  1.2  
shows a CTT diagram for the same system as Figure  1.1 . It is observed that the 
experimental gel conversion values are very close to the theoretical prediction for 
an ideal system ( x  gel    =   0.577). Moreover, the cloud - point conversion increases with 
temperature, meaning that castor oil becomes more miscible on increasing the 
temperature ( upper critical solution temperature ,  UCST ). This behavior may be 
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     Figure 1.1     TTT diagram for a DGEBA - EDA formulation modifi ed with 17.6% in volume of 
castor oil (CO) ( Reprinted with permission from  [9] ; copyright 1993 Wiley ).  

     Figure 1.2     CTT diagram for a DGEBA - EDA formulation modifi ed with 17.6% in volume of 
castor oil (CO) ( Reprinted with permission from  [9] ; copyright 1993 Wiley ).  
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used to control the extent of phase separation and the average size of phase sepa-
rated domains.     

  1.3 
 General Properties of Epoxy Networks 

 Cross - linked epoxies exhibit outstanding properties that have placed them as the 
standard option for a variety of applications such as adhesives, coatings, compos-
ites for structural applications, and so on.  [1] . Some of the reasons for this are: 

  1)     No emission of volatile products in the polymerization reaction.  

  2)     Flexibility in the election of monomers and co - monomers enabling one to 
obtain a variety of products from low -  T  g  rubbers to high -  T  g  materials.  

  3)     Possibility to use and combine different polymerization chemistries 
appropriate for the particular processing needs.  

  4)     Very low contraction during polymerization (for some formulations contraction 
may be entirely eliminated).  

  5)     Very high adhesion to a variety of surfaces due to the polar groups present in 
the structure.  

  6)     Possibility of introducing different modifi ers to generate optical properties (as 
in dispersions of droplets of liquid crystals in an epoxy matrix), or to increase 
toughness (rubber -  or thermoplastic - modifi ed epoxies), and so on.    

 Although in many applications the same typical formulations and processing 
techniques are still in use since their implementation, in the last decade a revival 
of the fi eld was produced by a combination of several independent factors. Innova-
tions in the industrial sector led to new materials such as thermoplastic epoxy 
polymers (Chapter  2 ) and epoxyacrylates for high performance coatings (Chapter 
 3 ). Both economic and ecological arguments led to a great interest in the develop-
ment of epoxy formulations from renewable resources (Chapter  4 ). Developments 
in the nanosciences and nanotechnologies pervaded the whole materials fi eld, 
including the epoxies. Nanostructured epoxies produced by modifi cation with 
block copolymers led to a set of new properties (Chapter  5 ). Formulations that can 
undergo a self - nanostructuring process can be used to generate reversible net-
works (physical gels, Chapter  6 ). Improvements in the optical response of polymer -
 dispersed liquid crystals may be achieved by adding block copolymers to a liquid 
crystal/epoxy blend (Chapter  7 ). Epoxies modifi ed with  polyhedral oligomeric 
silsesquioxane s ( POSS ) and other organic – inorganic hybrid materials can be used 
to generate new properties for specifi c applications (Chapter  8 ). Clay - modifi ed 
epoxies can be used to increase mechanical and barrier properties as well as fi re 
resistance (Chapter  9 ). Modifi cation by  carbon nanotube s ( CNT ) can lead to out-
standing mechanical, thermal and electric properties (Chapter  10 ). Innovations in 



 12  1 General Concepts about Epoxy Polymers

formulation and processing techniques have led to better adhesives (Chapter  11 ), 
nanostructured coatings (Chapter  12 ), epoxy composites (Chapters  13  and  14 ), 
thermoplastic curable epoxies (Chapter  15 ), structural foams (Chapter  16 ), and 
self - healing epoxies (Chapter  17 ).  
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 Thermoplastic Epoxy Polymers  
  Jerry E.   White        

   2.1 
 Introduction 

 The rather vague term,  “ epoxy thermoplastics ” , refers to a group of high - molecu-
lar - weight, hydroxy - functionalized macromolecules, derived from conventional 
epoxy - containing building blocks, that can be thermally fabricated by such con-
ventional processes as injection molding, blow molding, thermoforming, and 
blown fi lm extrusion. In addition to being imprecise, the term also seems perhaps 
oxymoronic, since epoxy chemistry is almost universally associated with thermo-
setting monomers of various kinds that can be cured or cross - linked to form the 
network polymers that serve massive global markets in coatings, composites, 
adhesives and other applications  [1] . Nevertheless, the concept of high - molecular -
 weight, epoxy - based polymers originated in the early years of epoxy technology 
development. In 1948, Greenlee utilized the by - then well established condensation 
of bisphenols with  epichlorhydrin  ( ECH ) in the presence of base to produce rela-
tively high - molecular - weight poly(hydroxy ethers) of general structure   1   (Equation 
 2.1 ). When esterifi ed with unsaturated fatty acids, polymers   1   can be utilized for 
protective surface coatings formed by oxidative cross - linking of the fatty acid resi-
dues grafted to the polymer backbone; at the time, no consideration was given to 
the use of unmodifi ed   1   in thermoplastic applications  [2] . However, shortly after 
the commercialization of these and other epoxy thermosetting materials, workers 
at Cortaulds recognized that when hydroquinone or bisphenol A are allowed to 
react with near equimolar amounts of  ECH , Equation  2.1  can afford genuinely 
high polymers, which these workers specifi cally identifi ed as  “ thermoplastics ” , 
capable of forming fi bers and fi laments from the melt  [3] .

   HO Ar OH

Cl
O

NaOH
Ar O O

OH

n

1

    

(2.1)   

 Interest in epoxy thermoplastics intensifi ed in the 1960s when researchers at 
Union Carbide exhaustively explored and optimized Equation  2.1  to synthesize an 

2

Epoxy Polymers. Edited by Jean-Pierre Pascault and Roberto J. J. Williams
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32480-4



 16  2 Thermoplastic Epoxy Polymers

exceptionally broad range of poly(hydroxy ethers)  ( 1 )  formed with an equally wide 
variety of bisphenols  [4, 5] . These amorphous thermoplastics, often described as 
 “ phenoxy resins ” , are generally linear below a weight - average  molecular weight  
(  M  w  ) of about 70   000 but exhibit long - chain branching at  M  w  above that value  [6] . 
Glass transition temperatures ( T  g ) of   1   prepared in these studies range from 60 to 
175    ° C, and mechanical properties of the polymers are what one would expect for 
glassy thermoplastics at or above entanglement molecular weight. For example, 
injection - molded poly(hydroxy ether)   1a   ( T  g    =   100    ° C), synthesized from bisphenol 
A, was described as combining high modulus (2.6   GPa) with reasonable ductility 
refl ected by an ultimate elongation of 90%  [7] , and the material reportedly exhibits 
a tensile stress of 65.5   MPa. In addition to their robust mechanical performance, 
polymers   1   were shown to have good clarity and low color. Further, these materials 
experience a high degree of intermolecular cohesion via interchain hydrogen 
bonding of their pendent hydroxy functionalities, which leads to polymer matrices 
with low free volume  [8, 9]  and good barrier to atmospheric gases  [7] . This com-
bination of high barrier and attractive optical properties prompted later develop-
ment of   1   and other epoxy thermoplastics for barrier packaging, and the fi nal 
section of this chapter contains a detailed discussion of the effects of the structure 
and morphology of the polymers on their permeation characteristics. 

 In 2009, polymer   1a      –    prepared by condensation of bisphenol A and  ECH  via 
Equation  2.1     –    remains an item of commerce; while it sees little use as a structural 
or barrier thermoplastic, it is employed in a variety of coatings applications  [10] . 
Nevertheless, by the 1970s and during later years, research on poly(hydroxy ethers) 
shifted from the direct polymerization of Equation  2.1  to approaches employing 
so - called  “ advancement reactions ”  of high - purity bisepoxides, including  bisphenol 
A diglycidyl ether  ( BADGE ) and other diglycidyl ethers, with bisphenols  [11 – 15]  
(Equation  2.2 ). This transformation differs mechanistically from the condensation 
of Equation  2.1 , which requires a mole of base for each mole of  ECH , in that the 
reaction is  initiated  by a phosphonium or ammonium salt (see below), eliminating 
the need to produce   1   in the caustic environment of Equation  2.1 . Consequently, 
Equation  2.2  and its variations represent a far more versatile route not only to 
polymers   1  , but also to a large family of other epoxy thermoplastics formed from 
polymerizations of diepoxides with dinucleophilic monomers such as dithiols, 
difunctional sulfonamides, diacids and difunctional amines. These polymers, 
which exhibit an impressive span of thermal, mechanical and permeation proper-
ties, are the subject of this chapter.

   

MeMe

O O

OH
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1     
  (2.2)    
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  2.2 
 Synthesis and Characterization of Epoxy Thermoplastics 

  2.2.1 
 Poly(hydroxy ethers) and Poly(hydroxy ether sulfi des) 

 Quaternary ammonium or phosphonium salts (Q + X  −  ) promote polymerizations of 
bisepoxides with bisphenols in hot etheric solvents  [16, 17]  or in the melt  [12]  to 
produce poly(hydroxy ethers)  ( 1 )  via Equation  2.2 , which can provide homopoly-
mers, alternating copolymers or random co -  and terpolymers, depending upon the 
choice and variety of bisphenol(s) and diepoxide(s) utilized in the polymerization. 
Fundamentally, the reaction is based on simple nucleophilic ring opening of the 
epoxy moiety by phenate, but the polymerization pathway is more subtle than it 
might seem at fi rst glance. Stoichiometrically, the reaction behaves like a classical 
step - growth process  [18] ; in other words, the molecular weight increases geometri-
cally with monomer conversion, and an equimolar ratio of reactants is necessary 
to produce products with high molecular weight. However, the polymerization 
also has characteristics of a chain process, in which the anionic component (X  −  , 
Equation  2.3a ) of the quaternary salt (basically acting as an initiator) attacks an 
epoxy functionality to yield alkoxide   2  , which deprotonates a phenolic species to 
afford a nucleophilic phenate   3   and hydrin   4   (Equation  2.3a ). Reaction of   3   with 
an unconsumed epoxy group gives intermediate   5  ; neutralization of   5   by unreacted 
phenolic end groups forms hydroxy phenoxy linkage   6  , the basic backbone unit of 
polymers   1  , and essentially propagates the polymerization by regenerating species 
  3   that continue to react with remaining epoxides until phenolic and epoxy end 
groups are completely exhausted or until side reactions terminate growth of the 
polymer chain (Equation  2.3b ).

   

Ar O
O X–

Ar O
O–

X
Ar' OH

Ar' O– + Ar O
OH

X

2 3 4    
  (2.3a)  

   

Ar O
O 3

Ar O

O–

O Ar'
Ar' OH

3 + Ar O

OH

O Ar'

5 6    
  (2.3b)   

 In practice, a variety of phosphonium and ammonium halides, hydroxides 
and acetates, utilized in catalytic quantities, initiate polymerizations of diepox-
ides with a variety of dinucleophiles  [16] . For preparation of polymers   1  , 
 bis(triphenylphosphoranylidene)ammonium chloride  ( BTPAC ) is particularly 
effective; for instance, in polymerizations of 4,4 ′  - sulfonyldiphenol with BADGE 
in  propylene glycol phenyl ether  ( PGPE ) at 150    ° C, BTPAC affords the alternat-
ing copolymer   1b   (Equation  2.4 ) with an inherent viscosity [  η   inh    =   0.52   dL   g  − 1 ; 
 N , N  -  dimethylformamide  ( DMF ), 25    ° C], and thus molecular weight, signifi cantly 
higher than those of   1b   formed with tetraethylammonium hydroxide (0.43   dL   g  − 1 ), 
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tetraphenylphosphonium bromide (0.43   dL   g  − 1 ) or ethyltriphenylphosphonium 
acetate (0.27   dL   g  − 1 ) under identical conditions  [17] . While a number of factors 
likely contribute to initiator performance, the large cation of BTPAC, with its 
ability to dissociate positive charge throughout its structure, may be suffi ciently 
stable to permit a rather loose association with intermediate alkoxide and 
phenoxide anions (  6  ,   8  , and  10 ) in Equations  2.3a  and  2.3b , thus making 
these species more accessible and reactive than is the case with initiators 
having small, less delocalized cations more tightly bound to the counter anion. 
In any event, polymer   1a  , prepared by the BTPAC - initiated reaction of BADGE 
and bisphenol A, has an exceptionally high molecular weight, refl ected by 
  η   inh    =   0.71   dL   g  − 1 .  Size exclusion chromatography coupled with laser light scat-
tering detection  ( SEC - LALLS ) indicated that this sample has an absolute  M  w  
of 130   000 compared with values of less than 100   000 for   1a   synthesized with 
other initiators, and like polymer   1a   formed in Equation  2.1 , the material has 
the equivalent of about four branches per weight - average molecule  [17] . Branch-
ing in   1   is also suggested by molecular weight distributions ( M  w / M  n ) of around 
3.5, well above the ideal value of 2 for a step - growth process  [18] ; again, 
similar distributions were noted for branched   1a   prepared under the basic 
conditions of Equation  2.1   [6] . Branching almost certainly occurs through reac-
tion of alkoxide intermediates  ( 5 )  with unconsumed epoxy groups during the 
later stages of the polymerization when the concentration of phenoxide species 
becomes quite low (Equation  2.5 ), a view supported by the fact that in model 
reactions of an excess of phenyl glycidyl ether with phenol or other nucle-
ophiles, branched products do not become apparent until the nucleophilic 
reactant is completely consumed and only excess epoxy functionalities remain 
( [19] and, unreported results obtained by R. Galvan and A. Haag, in the Cor-
porate Research Laboratories of the Dow Chemical Company in 1998) .

   

BADGE + S

O

O
HO OH

Me Me

O O

OH

OO

OH

S

O

O
1b    

  (2.4)  

   

Ar O

O–

O Ar'

5

+ ArO
O

Ar O

O

O Ar'

O

OHH+

   
  (2.5)   

 Quat - initiated polymerizations of bisepoxides with bisphenols, represented by 
Equation  2.2 , are remarkably versatile, tolerating monomers containing pendent 
amide and hydroxy moieties  [20] , in - chain amide linkages  [21 – 28]  and heterocyclic 
segments  [29] . Refl ecting that versatility, Table  2.1  lists a group of representative 



 2.2 Synthesis and Characterization of Epoxy Thermoplastics  19

 Table 2.1     Poly(hydroxy ethers)  ( 1 )  derived from  BADGE . 

   
 

+ HO Ar OHO O

Me Me

O O
O O

Me Me

O O Ar
OH OH      

   No.      - Ar -        η   inh , dL   g  − 1   a)        T  g ,  ° C  b)       O 2 TR, BU   c)     

  1a  

  

Me Me

    

  0.71    100    9.0  

  1b  

  

S

O

O     

  0.52    90    2.9  

  1c  

      

  0.50    83    1.5  

  1d  

      

  0.44    87    1.9  

  1e  

  

NH(O)C(CH2)4C(O)NH

    

  0.62    103    0.8  

  1f  

  

N

O

O     

  0.50    123    1.8  

  1g  

  

O

O     

  0.54    145    3.5  

  1h  

      

  0.62    161    7.5  

  1i  

  

NH

O     

  0.69    176    2.6  

    a)  Values determined for samples in  N,N  - dimethylformamide (0.5   g   dL  − 1 ) at 25    ° C.  
  b)  Glass transition temperatures generally were determined using differential scanning calorimetry with a heating 

rate of 10    ° C   min  − 1 .  
  c)  Values were determined for compression - molded fi lms according to ASTM method D3985 - 81 operating at 

60 – 75% relative humidity and 2    ° C; BU represents the units cc - mil/100   in 2  - atm(O 2 ) - 24   h.   
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amorphous poly(hydroxy ethers), all of which have   η   inh  (0.44 – 0.71   dL   g  − 1 ) indicative 
of high molecular weight, formed from BADGE and some bisphenols of widely 
varying structure. Within this family of materials, the  T  g  of the polymers behave 
as one would anticipate, increasing from 83    ° C for polymer  1c , the polymeric 
adduct of hydroquinone and BADGE, to 145 – 176    ° C as increasingly stiff and bulky 
linkages, such as phenolphthalein ( 1g ), fl uorene - biphenylene ( 1h ) and phenol-
phthalimidine ( 1i ), act to reduce the torsional mobility of these backbones. Even 
higher  T  g  in poly(hydroxy ethers), such as homopolymers   1j   ( T  g  =198    ° C) and   1k   
( T  g    =   242    ° C), can be realized by polymerizing bulky substituted biphenyl - based 
monomers like   7   and   8   with their corresponding diglycidyl ethers  [15] , although 
the practical utility of these polymers as thermoplastics is questionable given that 
their high  T  g  will require fabrication temperatures above those at which the materi-
als will likely begin to decompose.

 

HO OH

Me

Me

Br

Br

Br Me

X Me

O

Me

Me

Br

Br

Br Me

X Me

O
OH

7, X = H
8, X = Br

1j, X = H
1k, X = Br       

 As a class, poly(hydroxy ethers) generally are amorphous, glassy thermoplastics, 
like those noted in Table  2.1 . Even so, a few semi - crystalline examples are known; 
for instance, polymerizations of resorcinol  [30] , hydroquinone  [30]  or  N , N  ′  - bis(3 -
 hydroxyphenyl)adipamide  [24]  with 4,4 ′  - biphenyl diglycidyl ether afford alternat-
ing, copolymeric poly(hydroxy ethers)  1l –   n  (Table  2.2 ), which exhibit  T  g  increasing 
from 95 and 98    ° C for the resorcinol -  and hydroquinone - based  1l  and  1m  to 117    ° C 
for polymer  1n  in which the simple phenylene linkages of  1l  and  1m  are replaced 
with the  N , N  ′  - diphenylene adipamide segments that stiffen the backbone through 
added bulk and perhaps through a high level of interchain hydrogen bonding 
through the amide moieties. More importantly, the rigid biphenylene group 
common to all three polymers lends suffi cient regularity to their backbones to 
allow the interchain organization necessary for crystallization. Thus, all three 
materials undergo clear, endothermic melting transitions ( differential scanning 
calorimetry ,  DSC ) with peak temperatures ( T  m ) of 176 – 245    ° C (Table  2.2 ). Perhaps 
more intriguing than these conventionally crystalline polymers is a poly(hydroxy 
ether)   1o   derived from polymerization of the mesogenic monomer, 4,4 ′  - dihydroxy -
  α  - methylstilbene   9a  , with its corresponding diglycidyl ether   9b    [16, 31] . Owing to 
the rigidity and planarity of the  α  - methylstilbene segment, polymer   1o   is a mono-
tropic liquid crystalline thermoplastic that assumes an ordered melt when super 
cooled below its  T  m  of 190    ° C, although the backbone of the polymer is less regular 
than structure   1o   implies. During polymerization of   9a   and   9b   under the condi-
tions of Equation  2.2  with BTPAC as the initiator, about 10   mol% of the trans -
 stilbene double bonds isomerize to a cis - confi guration; also, catenation of the 
methyl groups along the polymer chain is irregular, since the stilbene linkage is 
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 Table 2.2     Crystalline poly(hydroxy ethers). 

   
 O OO O

OH OH

Ar      

   No.      - Ar -        η   inh , dL   g  − 1   a)        T  g ,  ° C  a)        T  m ,  ° C  a,b)       O 2 TR, BU  a)    

  1l  

      

  0.44    95    176    0.2  

  1m  

      

  0.40    98    245     –   

  1n  

  

NH(O)C(CH2)4C(O)NH

    

  0.45    117    190    0.06 (0.3  c)  )  

    a)  See footnotes to Table  2.1 .  
  b)  Peak temperature.  
  c)  Value for quenched (amorphous) sample.   

unsymmetrical and the polymerization of   9a   and   9b   is obviously not a head - to - tail 
process  [16] . In any event, as an example of a liquid crystalline thermoplastic, 
polymer   1o   is unusual; the material readily dissolves at room temperature in 
common polar solvents, such as DMF, and    –    owing to its relatively low  T  m     –    fabrica-
tion temperatures of melts of the material are lower than those normally associated 
with liquid crystalline thermoplastics. The effects of morphology on the mechani-
cal and permeation properties of   1o   and other poly(hydroxy ethers) will be dis-
cussed in detail later in this chapter.

 

Me

O O
OH

1o

Me

OR
RO

9a, R = H

9b, R = CH2
O

      

 As is the case with the preparation of polymers   1   via Equation  2.1 , BTPAC 
promotes polymerizations of dithiols with diglycidyl ethers  [32, 33] , presumably 
via a mechanism analogous to that of Equation  2.3 . The reaction, typically carried 
out in etheric solution at 150 – 170    ° C, yields high - molecular - weight poly(hydroxy 
ether sulfi des)  10 , such as those shown in Table  2.3 , with   η   inh  generally above 
0.6   dL   g  − 1   [16] . Tri(n - butyl)amine and other simple bases also catalyze the forma-
tion of  10  of moderate molecular weight (  η   inh    =   0.4 – 0.5   dL   g  − 1 ). Table  2.3  summa-
rizes a group of poly(hydroxy ether sulfi des) ( 10a – d ) formed by BTPAC - 
initiated reactions of 4,4 ′  - (dimercapto)diphenylether with the diglycidyl ethers 
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 Table 2.3     Poly(hydroxy ether sulfi des). 

   
 

O

S SO O Ar

OH OH
     

   No.      - Ar -        η   inh , dL   g  − 1   a)        T  g ,  ° C  a)        T  m ,  ° C  a)   (J   g  − 1 )     O 2 TR, BU  a)    

  10a  

      

  0.67    69    127 (31)    0.9  

  10b  

  

Me Me

    

  0.65    73     –     2.8  

  10c  

  

S
OO

    

  0.38    85     –     1.3  

  10d  

      

  0.60    121     –     4.7  

    a)  See footnotes to Table  2.1 .   

of hydroquinone, bisphenol A (BADGE), 4,4 ′  - (dihydroxy)diphenylsulfone and 
9,9 ′  - bis(hydroxyphenyl)fl uorene; like poly(hydroxy ethers)   1  , ether - sulfi de analogs 
 10  exhibit increasing  T  g  from 69    ° C for phenylene - containing  10a  to 121    ° C for 
polymer  10d  incorporating the exceptionally bulky fl uorenediphenylene linkage. 
Interestingly, polymer  10a  is semi - crystalline, as indicated by a relative strong 
melting endotherm ( Δ  H    =   31   J   g  − 1 ) with a peak temperature ( T  m ) of 127    ° C; note 
that the structurally analogous   1p  , a crystalline poly(hydroxy ether), has a similar 
 T  m  (131    ° C,  Δ  H    =   22   J   g  − 1 ).

 

O

O OO O

OH OH

1p        

  2.2.2 
 Poly(hydroxy ether sulfonamides) 

 Secondary sulfonamides are suffi ciently acidic to undergo deprotonation by mild 
base to form anionic nucleophilic sites capable of ring - opening epoxy functionali-
ties in the same manner as a phenate or thiolate (Table  2.4 )  [34] . Thus, in the 
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 Table 2.4     Poly(hydroxy ether sulfonamides). 

   
 

SS
O

O

O

O

MeHN NHMe O
O

Ar O
O+

SS

O

O

O

O

N N

R R

O O Ar

OH OH

OH–

11      

   No.      - Ar -        η   inh , dL   g  − 1   a)        T  g ,  ° C  a)       O 2 TR, BU  a)    

  11a  

      

  0.65    58    1.4  

  11b  

  

Me Me

    

  0.76    76    1.1  

  11c  

  

S
OO

    

  0.94    100    0.5  

  11d  

      

  0.64    127    1.1  

    a)  See footnotes to Table  2.1 .   

presence of tetraethylammonium hydroxide in an etheric solvent (150    ° C),  N , N  ′  -
 dimethyl - 1,3 - benzenedisulfonamide polymerizes cleanly with BADGE and other 
diglycidyl ethers to afford a series of glassy, high - molecular - weight (  η   inh    =   0.60 –
 0.94   dL   g  − 1 ) poly(hydroxy ether sulfonamides)   11   with  T  g    =   58 – 127    ° C, which, as is 
the case with polymers   1   and  10 , increase as the backbones of   11   experience 
increasing resistance to molecular mobility  [34, 35]  (Table  2.4 ). No crystalline 
poly(hydroxy ether sulfonamide) has been described; thus, unlike biphenylene -
 containing poly(hydroxy ethers)  1l –   n , analogous ether - sulfonamide  11a  is com-
pletely amorphous (Table  2.4 ).    

  2.2.3 
 Poly(hydroxy ester ethers) 

 In a reaction mechanistically similar to that of Equation  2.3a,b , dicarboxylic acids 
condense with diglycidyl ethers, again in the presence of a quaternary salt (usually 
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tetraethylammonium bromide), to yield poly(hydroxy ester ethers), having general 
backbone structure   12    [16, 36 – 40]  (Equation  2.6 ). Both aromatic and aliphatic 
diacids, which like phenols have easily - abstractable protons, react fairly cleanly 
with bisepoxides, allowing incorporation of cyclic or linear aliphatic segments in 
  12   that are diffi cult to access with analogous poly(hydroxy ethers)   1  , since, while 
aliphatic diols can be made to react with epoxy groups, the transformation is far 
from clean and is accompanied by side reactions that prevent formation of 
uncrosslinked, high polymeric products.

   

+ O
O

Ar O
O Q+X–

O

OH

O2CRCO2 O
OH

ArHO2CRCO2H

12    
  (2.6)   

 As it turns out, whether prepared with aromatic or aliphatic diacids, the backbone 
structures of poly(hydroxy ester ethers) are more complex than repeat unit   12   
suggests. Intermediate   13  , produced by attack of carboxylate upon an epoxy group, 
can either re - protonate directly to afford the expected ester – ether linkage   14   (Equa-
tion  2.7  path a), or undergo the  intramolecular  transesterifi cation of path b to 
ultimately produce linkage   15  , containing a pendent methylol residue  [16] ;   15   

 Table 2.5     Poly(hydroxy ester ethers)  a)  . 

   
 O O2C-R-CO2

OH

O

OH

Ar      

   No.      - R -       - Ar -        η   inh , dL   g  − 1   b)        T  g ,  ° C  b)        T  m ,  ° C  b)       O 2 TR, BU  b)    

  12a  

            

  0.39    78     –     0.6  

  12b  

      

  

Me Me

    

  0.56    99     –     3.2  

  12c     - (CH 2 ) 4  -   

  

Me Me

    

  0.48    45     –     3.0  

  12d     - (CH 2 ) 10  -   

      

   –     10    72    10.0  

  12e     - (CH 2 ) 10  -   

  

Me

    

   –     34    139    0.6  

    a)  Ester – ether linkages containing pendent methylol groups present in all poly(hydroxy ester ethers) but are not 
shown.  

  b)  See footnotes to Table  2.1 .   
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constitutes about 20 – 25   mol% of the ether – ester linkages present in poly(hydroxy 
ester ethers). That   15   does not result simply from an inability of carboxylate to 
discriminate between the two carbons of the epoxy ring comes from the fact that 
diphenols, or even powerfully nucleophilic dithiols, yield polymers (  1   and  10 ) that 
contain few, if any, segments containing pendent hydroxymethyl groups  [5, 17, 
31, 32] . Also, studies of adduct   16   as a model for polymers   12  , chromatically sepa-
rated from the reaction mixture of phenyl glycidyl ether and propanoic acid, show 
that it re - equilibrates to a mixture with methylol - containing   17   (  16     :     17     =   3/1), along 
with some branched species, when subjected to the conditions used for Equation 
 2.2  (unpublished study by A. P. Haag and M. N. Mang). Of course, intramolecular 
transesterifi cation in   12   signals the possibility of  intermolecular  transesterifi cation, 
which would lead to signifi cantly more branching in poly(hydroxy ester ethers) 
than is the case with polymers   1  . Such appears to be the case, since   12   generally 
are signifi cantly more polydisperse ( M  w / M  n    =   5 – 7) than are polymers   1   
( M  w / M  n    =   3 – 4) and other epoxy thermoplastics.

   

R CO2
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16 17      
 (2.7)   

 Table  2.5  lists just a small fraction of the myriad poly(ester ethers) that have been 
synthesized and characterized  [16, 37, 38] , including amorphous thermoplastics 
 12a – c , the  T  g  of which are infl uenced by the same structural features that dictate 
the thermal characteristics of other amorphous epoxy thermoplastics ( vide infra ). 
Crystalline   12   are accessible, as well; thus, polymer  12d , prepared by polymeriza-
tion of  hydroquinone - diglycidyl ether  ( HQ - DGE ) with 1,12 - dodecanedicarboxylic 
acid, is an opaque thermoplastic which exhibits a sharp endothermic melting 
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transition peaking at 72    ° C. In addition, reaction of the same diacid with mesogenic 
4,4 ′  - diglycidyloxy -  α  - methylstilbene   9b   affords poly(hydroxy ester)  12e , which tran-
sitions to a nematic state at 139    ° C (Table  2.5 ) and becomes isotropic above about 
200    ° C  [16] .   

 A recent variation of the synthesis of poly(hydroxy ester ethers), demonstrating 
the versatility of the epoxy – acid condensation, centers around head - to - tail polym-
erization of 10,11 - epoxyundecanoic acid (Equation  2.8 ), an ultimate derivative of 
castor oil  [41, 42] . The resulting hydroxy - functionalized polyester,   18  , is copoly-
meric, despite its derivation from a single monomer, owing to an intramolecular 
transesterifi cation analogous to that of Equation  2.7 ; thus, about 35   mol% of the 
repeat units in   18   contain pendent hydroxymethyl moieties. A number of initiators 
promote Equation  2.8 , but the most effective is tetraphenylphosphonium bromide 
(utilized at 140    ° C), which affords   18   having  M  n    =   33   000 and a polydispersity of 
3.7, but only after the material is extracted with acetone to remove a series of 
oligomeric species, which quite possibly are macrocyles  [41] . The broad molecular 
weight distribution of   18   after fractionation clearly indicates that the polymer 
experiences branching during polymerization, probably owing to the kind of inter-
molecular transesterifi cation discussed earlier for polymers   12  . In any event, 
despite this branching and the irregularity of the backbone structure in   18  , the 
polymer readily crystallizes from the melt with  T  m  (peak) of 97 – 107    ° C and, depend-
ing upon heat history,  Δ  H    =   over 57   J   g  − 1 , indicating a high level of crystallinity 
within the polymer matrix. The mechanical behavior of polyester   18   closely resem-
bles that of low - density polyethylene; other properties of this material, along with 
those of poly(hydroxy ester ethers)   12  , will be discussed below.

   

CO2H

O

Ph4P+Br–

O

OH

O

O

OH

OH

0.65 0.35

18     (2.8)    

  2.2.4 
 Poly(hydroxy amino ethers) 

 Nucleophilic attack and ring opening of an oxirane ring by an amine is perhaps 
the signature reaction of epoxy thermosetting monomers and is employed in a 
number of coatings and composite applications  [1] . This transformation, which in 
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the case of aliphatic amines needs no catalyst at high temperatures, can also be 
exploited to prepare thermoplastic poly(hydroxy amino ethers)   19   when diglycidyl 
ethers are allowed to condense with primary amines, which are effectively difunc-
tional, or secondary diamines (2.9)  [43 – 45] . The polymerization can be conducted 
in the solvents used routinely for Equations  2.2  and  2.6   [44]  or in the melt via 
reactive extrusion  [12] , and the polydispersity (typically about 3.5) of the products 
suggests structures with moderate branching, probably owing to a side reaction, 
analogous to that of Equation  2.5 , facilitated by the presence of basic, tertiary 
amines in the backbones of   19    [43] . This same side reaction likely promotes 
unwanted molecular weight increases observed for some   19   in those fabrication 
processes in which the polymers experience residence times in the melt (generally 
above 180    ° C) of several minutes; this troublesome characteristic of   19   can be 
signifi cantly mitigated by treating the polymer with a monofunctional nucleophile 
at the fi nal stages of Equation  2.9  in order to consume any residual epoxy moieties 
 [44, 46] .
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A O
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R    
  (2.9)   

 Table  2.6  lists a group of representative, high - molecular - weight (  η   inh    =   0.41 –
 0.85   dL   g  − 1 ) poly(hydroxy amino ethers) ( 19a – f  ) derived from ethanolamine or 
piperazine and diglycidyl ethers of resorcinol, bisphenol A and bis(4 - hydroxyphe-
nyl)fl uorene. The glass transition temperatures of these amorphous thermoplas-
tics follow the familiar pattern of increasing as monomer segments impart 
increasing resistance to molecular motion of the polymer backbone. A number of 
semicrystalline   19   are also known. For example, polymerization of piperazine with 
HQ - DGE affords  19g  with  T  m  of 246    ° C, a value that can be diminished by decreas-
ing the backbone regularity through copolymerization of piperazine, HQ - DGE and 
varying molar fractions of BADGE to produce polymers  19h – j , which have the 
lower  T  m  and lower  Δ  H  of melting one would expect for such structural modifi ca-
tions (Table  2.7 ); note that  T  g  varies only marginally within the series  19g – j .     

  2.3 
 Fundamental Properties of Epoxy Thermoplastics 

  2.3.1 
 Mechanical Behavior 

 Not surprisingly, glassy epoxy thermoplastics having  T  g  well above ambient 
temperature are generally rather stiff materials; Table  2.8  indicates that for a 
group of representative polymers derived from BADGE and various dinucleophilic 
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monomers, moduli range from 2.1 to 3.5   GPa, values comparable to those of 
amorphous polymers such as polycarbonate or polystyrene. Other mechanical 
properties, however, can differ signifi cantly among these structurally varied mate-
rials. Indeed, some epoxy thermoplastics have the mechanical characteristics of 
engineering polymers. For example, in tensile testing, homopolymeric poly(hydroxy 
ether)   1a   (prepared by Equation  2.2  rather than Equation  2.1 ) undergoes yielding 
at over 59   MPa and breaks at 53.1   MPa with an elongation - at - break of 60%, which 
refl ects the ductile nature of   1a    [17] . Also, the polymer has a notably high notched 
Izod value of 1776   J   m  − 1 , indicating that the material rivals polycarbonate in terms 

 Table 2.6     Poly(hydroxy amino ethers). 

   
 O

OH
A O

OH

Ar      

   No.      - A -       - Ar -        η   inh , dL   g  − 1   a)        T  g ,  ° C  a)       O 2 TR, BU  a)    

  19a  

  

N

OH    

      

  0.50    56    0.04  

  19b  

  

N

OH    
  

Me Me

    

  0.57    81    0.81  

  19c  

  

N

OH    
      

  0.41    160    1.08  

  19d  

  
N N

          

  0.64    77    0.16  

  19e  

  
N N

    

  

Me Me

    

  0.85    100    1.54  

  19f  

  
N N

    

      

  0.67    179    2.62  

    a)  See footnotes to Table  2.1 .   
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 Table 2.8     Mechanical properties of some amorphous epoxy thermoplastics   a)   . 

   Property:     1a     1g     11b     12b     19b     19e  

  Reference    16    17    35    38    45    45  
  Structure    Table  2.1     Table  2.1     Table  2.4     Table  2.5     Table  2.6     Table  2.6   
  Yield Stress, MPa    59.3     –      –     36.6    57.2    55.6  
  Break Stress, MPa    53.1    73.2    34.4    41.4    47.6    47.4  
  Elongation, %    60    9    1.3    1.3    46    27  
  Modulus, GPa    2.1    2.7    3.5    3.4    2.4    2.4  
  Notched Izod, J   m  − 1     1276    180    27    25    107    961  

   a)  Values shown were determined by standard ASTM methods noted in the original references.   

 Table 2.7     Some crystalline poly(hydroxy amino ethers). 

   
 

O N

OH

N O

OH

O N N O

OH OH

Me Me

x 1-x     

   No.     X      T  g ,  ° C  a)        T  m ,  ° C  a)        Δ  H , J/g     O 2 TR, BU  b)    

  19g    1.00    86    246    56    0.04  
  19h    0.90    84    226    38    0.10  
  19i    0.75    83    207    28    0.21  
  19j    0.67    87    204    3    0.39  

    a, b) See footnotes to Table  2.1 .   

of impact resistance, although one should keep in mind that   1a  , with a  T  g  of 100    ° C 
(see Table  2.1 ), is far less heat resistant than is polycarbonate, which is often uti-
lized for its combination of high  T  g  (about 160    ° C) and toughness. Of course, heat 
resistance in poly(hydroxy ethers) can, as detailed earlier, be increased by introduc-
ing bulky segments into the polymer backbone, but mechanical performance 
generally suffers. As shown in Table  2.8 , incorporating 50   mol% of the bulky 
phenolphthalein linkage into a poly(hydroxy ether) backbone produces a thermo-
plastic ( 1g ,  T  g    =   145    ° C; Table  2.1 ) with only limited ductility (9% elongation); even 
so, the material retains high break strength (73.2   MPa) and reasonable impact 
resistance (notched Izod   =   180   J   m  − 1 ). Turning to poly(hydroxy amino ethers), we 
see that polymer  19e , the product of piperazine and BADGE, exhibits an engineer-
ing profi le quite similar to that of  1a  including impressive impact resistance 
(961   J   g  − 1 )  [43] . When piperazine is replaced by ethanolamine (i.e., polymer  19b ), 
the amino - ether backbone remains ductile (46% elongation) but impact resistance 
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is reduced considerably to 107   J   g  − 1  (Table  2.8 ), performance that is, nevertheless, 
acceptable for many applications. In stark contrast to the many amorphous, ductile 
epoxy thermoplastics like those discussed here, both poly(hydroxy ether sulfona-
mide)  11b  (see Table  2.4 ) and poly(hydroxy ester ether)  12b  (see Table  2.5 ), which 
have structurally quite similar backbones, mechanically resemble general - purpose 
polystyrene and thus are brittle polymers with an elongation at break of only 1.3% 
and very low impact values of about 25   J   g  − 1  (Table  2.8 )  [34, 37] .   

 Crystalline epoxy thermoplastics can display an even broader range of mechani-
cal properties than do their amorphous counterparts. Copolymeric amino - ether 
 19i  ( T  m    =   207    ° C; Table  2.7 ) has mechanical properties reminiscent of those of a 
nylon. Injection - molded  19i  yields at 56.4   MPa and breaks at 52.4   MPa, with 33% 
elongation  [43] ; the polymer has a high modulus (2.9   GPa) combined with excep-
tional toughness, demonstrated by a astonishingly high notched Izod impact value 
of 1593   J   g  − 1  (Table  2.9 ). On the other hand, poly(hydroxy ester ether)  12d  
( T  m    =   72    ° C), formed from 1,12 - dodecanedicarboxylic acid and HQ - DGE, is a low -
 modulus thermoplastic (0.22   GPa) with a yield stress of 6.4   MPa (Table  2.9 ); after 
yielding, the polymer hardens as the crystallites align under strain to break at 
12.8   MPa with 705% elongation  [37] . As is the case for many ductile crystalline 
polymers, the mechanical properties of  12d  can be substantially modifi ed by per-
fecting such crystalline alignment through orientation at a temperature near  T  m . 
Therefore, stretching a fi lm (5X) of  12d  at 60    ° C produces vastly increased yield 
and break strengths of about 54 and 64   MPa, respectively, and the modifi ed mor-
phology nearly doubles the polymer ′ s modulus (0.39   MPa) with a concomitant loss 
in elongation (54%, Table  2.9 ). Like  12d , the backbone of crystalline, hydroxy -
 functionalized polyester   18   ( T  m    =   107    ° C; see Equation  2.8 ) is also dominated by 
long aliphatic chains, and this polyester consequently has a similarly low modulus 
(0.27   MPa). Unoriented, compression - molded fi lms of   18   have a yield stress at near 

 Table 2.9     Mechanical properties of some crystalline epoxy thermoplastics. 

   Property:     1o  a)       1o  b)       1o  c)       18  a)       12d  d,e)       19i  a)    

  Reference    16    16    45    43    16    45  
  Structure     –   f )       –   f )       –   f )      Equation  2.8     Table  2.5     Table  2.7   
  Yield Stress, MPa    86.8    117.7     –     12.4    6.4 (54.4)    56.4  
  Break Stress, MPa    89.2    106.6    130.9    31.0    12.8 (63.9)    52.4  
  Elongation, %    11    13     –     430    705 (54)    33  
  Modulus, GPa    3.2    3.7    5.1    0.27    0.22 (0.39)    2.9  
  Notched Izod, J   m  − 1     316     –      –      –      –     1593  

   a)  Values determined by standard ASTM methods noted in the original references.  
  b)  Values determined for injection molded plaque (1.0   mm).  
  c)  Values determined for microtensile specimen.  
  d)  Values shown are for compression molded sample (0.23   mm).  
  e)  Values in parentheses are for fi lms uniaxially oriented at 60    ° C.  
  f )  Structure shown in Section  2.2.1 .   
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12   MPa and, again as with samples of  12d , strain harden to break at 31   MPa, 
accompanied by an elongation of 430%  [41] . This property profi le is quite similar 
to that of linear low density polyethylene, evaluated identically  [41] , and is an excel-
lent example of a material, ultimately derived from a seed oil, that mimics the 
mechanical performance of a commodity thermoplastic; in this instance, however, 
polyester   18   brings the added advantage of excellent adhesion to active surfaces 
(see below)    –    a characteristic not enjoyed by polyethylene.   

 The tensile properties of monotropic thermoplastic   1o   (see Section  2.2.1 ), con-
taining the mesogenic  α  - stilbene linkage, deserve special mention. Injection -
 molded, ASTM standard tensile bars (0.125   in) of   1o   have yield stress, break 
strength and modulus (86.9   MPa, 89.2   MPa and 3.2   GPa, respectively; Table  2.9 ) 
that are far higher than those of the amorphous, bisphenol A - based analog   1a   
(Table  2.8 ), an observation that refl ects the mechanical infl uence of the molecular 
orientation that occurs when shear is applied to an ordered melt  [16] . Even so, 
relatively thick standard specimens of   1o   display the skin – core effect common to 
liquid crystalline thermoplastics, owing to the fact that shear is less pronounced 
in the sample interior than at the surface. Thus a thinner (1.0   mm) specimen of 
  1o  , in which the orientation is more uniform, enjoys a further increase in yield 
stress (117.7   MPa) and break strength (106.6   MPa); modulus (3.7   GPa) is also 
enhanced (Table  2.9 ). In a microtensile specimen, in which orientation approaches 
complete uniformity,   1o   is quite strong (break stress   =   130.9   MPa) and stiff, with 
a modulus of over 5   GPa (Table  2.9 )  [43] .  

  2.3.2 
 Adhesive Characteristics 

 While epoxy thermoplastics obviously differ fundamentally from their thermoset-
ting counterparts in a variety of ways, the pendent hydroxy groups that populate 
their backbones enable these thermoformable polymers to exhibit the kind of 
tenacious adhesion to active surfaces for which epoxy thermosets are well known 
 [1] . As an example, poly(hydroxy amino ether)  19b  (see Table  2.6 ), melt laminated 
to steel or aluminum sheet stock, shows peel strengths of 1.3 and 1.6   N   mm  − 1 ; steel 
laminates of the amino - ether polymer have a lap shear strength of about 22   MPa 
with cohesive failure; fracture toughness of the steel or aluminum laminates is 
1250 – 1580   J   m  − 2  (Table  2.10 )  [43] , a performance envelope similar to that of amine -
 cured epoxy network polymers  [1] . Melt - bonded  19b  also adheres strongly to glass 
(peel strength   =   1.8   N   mm  − 1 ). Hydroxy - functionalized polyester   18   also adheres 
aggressively to steel and aluminum, and peel strengths of laminates (1.6 and 
1.4   N   mm  − 1 , respectively) are close to those of laminates prepared with  19b . 
However, lap shear strengths of the structures containing the polyester (9.4   MPa; 
Table  2.10 ), which also fail cohesively, are less than half that when  19b  is the 
adhesive layer, probably owing to the inherently higher strength of the amino -
 ether polymer (see Tables  2.8  and  2.9 ). Perhaps a better (and more interesting) 
comparison should be made between mechanically similar   18   and low density 
 polyethylene  ( PE ); apolar PE lacks an effective mechanism for strong interfacial 
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bonding with active surfaces so that laminates with aluminum exhibit adhesive 
failure with a lap shear strength of only 1.7   MPa (Table  2.10 ).   

 Less is known about adhesion of epoxy thermoplastics to other polymers, but 
 19b  compression molded at about 200    ° C to  poly(ethylene terephthalate)  ( PET ), 
yields laminates having fracture energies ( G  1c ) of 45 to 60   J   m  − 2 , compared for 
example with nylon - PET laminates, which exhibit  G  1c  of less than 5   J   m  − 2   [43] . 
When polymer  19b , the polymeric adduct of ethanolamine and BADGE, is bonded 
to PET above the  T  m  of the polyester (275    ° C), the interface becomes quite fracture -
 resistant ( G  1c    =   540   J   m  − 2 ). The robust nature of the interface may be due to actual 
formation of covalent bonds between the two polymers by interfacial transesteri-
fi cation of PET by the reactive, primary hydroxy moieties of  19b , since piperazine -
 based  19e  (see Table  2.6 ), which contains only secondary hydroxy groups, when 
laminated to PET at 275    ° C provides an interfacial  G  1c  of less than 10   J   m  − 2   [47] . 

 The adhesive nature of epoxy thermoplastics promotes their compatibility with 
both mineral and natural fi llers. Incorporation of 30% hardwood fl our into  19b  
affords a composite with break strength of 76.6   MPa compared with a value of only 
47.6 for the unfi lled polymer  [43] , demonstrating the excellent adhesion between 
the matrix resin and the fi ller. The composite also has the high modulus (5.61   GPa) 
expected for a highly fi lled glassy polymer, but stiffness sacrifi ces ductility; elonga-
tion at break of the composite is less than 5% compared with 46% for the unmodi-
fi ed poly(hydroxy amino ether). Composites of amino - ether polymers   19   or 
poly(hydroxy ester ethers)   12   with thermoplastic starch have also been prepared 
 [48] .  

  2.3.3 
 Optical Properties of Poly(hydroxy amino ether) 19 b  

 When prepared by reactive extrusion and thus in the absence of oxygen, injection -
 molded amorphous amino - ether polymer  19b  (Table  2.6 ) has very low color, 

 Table 2.10     Adhesive characteristics of epoxy thermoplastics   a)   . 

   No.     Substrate     Peel strength, 
N   mm  − 1   

   Lap shear 
strength, MPa  

   Fracture 
toughness, J   m  − 2   

   Reference  

  19b    Steel    1.3     –     1250    45  
  19b    Aluminum    1.6    22.1  b)      1580    45  
  19b    Glass    1.8     –      –     45  
  18    Steel    1.6    9.4  b)       –     43  
  18    Aluminum    1.4    9.4  b)       –     43  
  PE  c)      Aluminum     –     1.7  d)       –     43  

   a)  Values shown were determined as described in the original references.  
  b)  Cohesive failure.  
  c)  Linear low density polyethylene (Dowlex ™  2517).  
  d)  Adhesive failure.   
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refl ected by a yellowness index value of only 2.1%  [43] . In addition, light transmit-
tance and haze of the polymer (2.7% and 93%) are similar to those of polycarbonate 
(1.5% and 91%), a thermoplastic often utilized for its attractive optical properties. 
Perhaps most importantly, clarity of  19b  (99%) is quite high, giving the poly(amino 
ether) the appearance of blow - molded PET used in so much of today ′ s rigid pack-
aging  [43] .  

  2.3.4 
 Gas Barrier Properties of Epoxy Thermoplastics 

 The most notable general characteristic of epoxy thermoplastics, as a broad class 
of materials, is their exceptionally low permeability to oxygen and other atmos-
pheric gases compared with that of other mechanically and thermally conventional 
thermoplastics such as polyethylene, polystyrene or polycarbonate. In fact, many 
epoxy thermoplastics can be considered as true  “ high - barrier ”  polymers, since 
their oxygen permeabilities rival those of  poly(vinylidene choride)  ( PVDC ) or 
 ethylene – vinyl alcohol copolymer s ( EVOH ), which are commonly used in the 
kinds of both rigid and fl exible protective packaging in which an exceptional 
barrier is required  [49] . The pendent hydroxy groups, abundant along the back-
bones of epoxy polymers, are key to the barrier performance of epoxy thermoplas-
tics; intermolecular hydrogen bonding of these moieties promotes high interchain 
cohesion (sometimes called cohesive energy density,  E  coh ) thus diminishing the 
free volume within the epoxy polymer matrix that otherwise would facilitate gas 
transport through the resin  [9, 10] . However, permeation ( P ) of gases in polymeric 
materials is a function of both the diffusion rate ( D ) and solubility ( S ) of a gas in 
the polymer at a given temperature and humidity. Consequently, factors other than 
 E  coh  also contribute to the barrier performance (in other words, lowering  P ) of an 
organic polymer, including epoxy thermoplastics; such factors include the pres-
ence and nature of a crystalline morphology (discouraging both  D  and  S ) within 
the polymer matrix as well as backbone geometries that affect intermolecular 
packing effi ciency and free volume (and therefore  D ) in both amorphous and 
crystalline thermoplastics  [9, 10, 49] . Of course, changes of structure within a 
family of barrier polymers can alter all three factors ( E  coh , packing and morphology) 
simultaneously, so that distinguishing their relative importance in a particular 
polymer can be diffi cult. Nevertheless, studies of the effects of backbone structure, 
as well as of environmental factors, on the barrier performance of epoxy thermo-
plastics, particularly poly(hydroxy ethers)   1   and poly(hydroxy amino ethers)   19  , 
have produced considerable data on the permeability of epoxy thermoplastics over 
the years, and the results of those studies have been examined at length elsewhere 
 [7, 16, 43] . Consequently, this fi nal section of the chapter is intended to provide 
only an introductory description to how structure dictates barrier performance of 
epoxy thermoplastics, and the interested reader seeking a deeper look at this issue 
is invited to consult the references cited. 

 As implied above, of all the structural factors that can infl uence permeability in 
epoxy thermoplastics, the potential for intermolecular hydrogen bonding (and its 
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effect on  E  coh ) is the most consequential. In amorphous epoxy polymers, increasing 
the population of hydroxy groups along the polymer backbone will almost invari-
ably lead to a higher oxygen barrier (or lower permeability), at least at relative 
humidities below around 85%, and can dominate both packaging effi ciency and 
morphological considerations. For example, a relatively unoriented, compression -
 molded fi lm of amino - ether  19b , a glassy polymer formed from BADGE and 
ethanolamine (Table  2.6 ), has an oxygen transmission rate (O 2 TR) of 0.8   cc - mil/100 
in 2  - atm (O 2 ) - 24   h (expressed throughout as barrier units or BU) measured at 23    ° C 
and at about 65 – 70%  relative humidity  ( RH ). In contrast, polymer  19a , in which 
the bisphenol A nucleus is replaced with the far more compact phenylene segment 
and with signifi cantly more opportunity for interchain hydrogen bonding, has an 
O 2 TR of only 0.04   BU    –    a remarkably low value for a completely amorphous ther-
moplastic and comparable to those of commercially available, semi - crystalline 
PVDC and EVOH  [49] . By the same token, again using  19b  as a baseline case, 
eliminating hydrogen bonding sites by replacing ethanolamine with propylamine 
yields a geometrically similar polymer (  19k  , shown below), with two rather than 
three hydroxy groups per repeat unit, thus seriously compromising barrier per-
formance by increasing O 2 TR to 6.3   BU  [43] . Other examples of the effects of polar 
and/or hydrogen bonding groups in amorphous epoxy thermoplastics abound; 
within the family of poly(hydroxy ethers), replacement of half the bisphenol A 
linkages of   1a   (O 2 TR   =   9.0   BU) with more polar sulfonyldiphenylene segments 
(polymer   1b  ; O 2 TR   =   2.9   BU)  [30]  or with  N , N  - diphenyleneadipamide species 
(polymer  1e , O 2 TR   =   0.8   BU)  [23]  decreases the oxygen permeation rate of the 
backbone by as much as an order of magnitude  [23]  (Table  2.6 ). Similar relation-
ships for structurally similar, amorphous epoxy thermoplastics can be observed 
among poly(hydroxy ether sulfi des)  10a – c  (Table  2.3 ), between poly(hydroxy ether 
sulfonamides)  11b  and  11c  (Table  2.4 ), between poly(hydroxy esther ethers)  12a  
and  12b  (Table  2.5 ), and for poly(hydroxy amino ethers)  19d  and  19e  (Table  2.6 ).
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 Although the effects of bulky structural features on the permeability of epoxy 
thermoplastics are often diffi cult to isolate from the infl uence of other factors, 
there are a few examples in which a reasonable argument for strong packing 
effects can be made  [7, 43] . Amorphous, structurally analogous amino – ether copol-
ymers   19l   and   19m   (shown above), prepared by polymerizing  N , N  ′  - dimethyl -  or 
 N , N  ′  - bis(benzyl)ethylenediamine with BADGE, are demonstrative;   19l  , with 
O 2 TR   =   0.5   BU    –    a permeation rate an order of magnitude lower than that of bottle -
 grade PET  [43]     –    has impressive barrier properties. However, the oxygen barrier is 
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degraded noticeably in   19m   (O 2 TR   =   3.0   BU), in which the benzyl side groups 
(replacing the small methyl groups in   19l  ) are suffi ciently bulky to sabotage effi -
cient packing. Still, bulky components do not guarantee an increase in permeabil-
ity, an observation supported by the fact that incorporation of fl uorene - diphenylene 
segments in poly(hydroxy ethers) ( 1h , Table  2.1 ), poly(hydroxy ether sulfonamides) 
( 11d , Table  2.4 ), and poly(hydroxy amino ethers) ( 19c  and  19f , Table  2.6 ) have 
O 2 TR values that are virtually the same as those of their bisphenol A - containing 
analogs  [16, 43, 50] . 

 Assessing the infl uence of crystallinity on the barrier performance of epoxy 
thermoplastics can also be daunting, since the structural changes required to 
generate the backbone regularity necessary for crystallization can also bring 
changes to hydroxyl group population and packing factors which, as already 
emphasized, can impact permeation rates. However, there is one case, amide -
 containing poly(hydroxy ether)  1n  (Table  2.2 ), that allows clear delineation of the 
infl uence of a crystalline morphology; the O 2 TR of completely amorphous, 
quenched fi lms of  1n , is 0.3   BU, but when fi lms are annealed and crystallized, 
O 2 TR decreases to 0.06   BU    –    an effect that can only be attributed to morphological 
change, since the structure of the polymer obviously remains unaltered  [16, 24] . 
Oxygen transmission rates of other semi - crystalline epoxy thermoplastics are typi-
cally below about 0.5   BU (see, for example, poly(hydroxy ether)  1l  (Table  2.2 ) or 
amino - ether copolymers  19g – j  [Table  2.7 ]). Even so, polymers with  T  g  below 25    ° C, 
in which amorphous regions of the polymer are in a rubbery state, have poor 
oxygen barrier performance owing to the relatively high free volume within the 
matrices of such polymers  [9, 10, 49] ; examples include polyethylene - like 
poly(hydroxy ester ether)  12d  (O 2 TR   =   10.0   BU; Table  2.5 ) and hydroxy - functional-
ized polyester   18   with O 2 TR   =   14.0   BU  [41, 42] . 

 Liquid crystalline epoxy thermoplastics containing the mesogenic  α  -
 methylstilbene linkage have an exceptionally high barrier to oxygen. Compression 
molded fi lms of homopolymeric poly(hydroxy ether)   1o   exhibit O 2 TR   =   0.4   BU  [33] , 
a value over 20 times lower than that of spatially similar   1a   (O 2 TR   =   9.0   BU; Table 
 2.1 ), and the O 2 TR of poly(hydroxy amino ether)   19n   (0.05   BU; shown below), 
formed by polymerization of ethanolamine with   9b    [43] , is about 16 times lower 
than that of the quasi - analogous, amorphous polymer,  19b  (O 2 TR   =   0.81   BU; Table 
 2.6 ). Even nematic poly(hydroxy ester ether)  12e  (Table  2.5 ), which contains a long 
aliphatic chain and undergoes a glass transition (34    ° C) at little higher than room 
temperature, has barrier properties (O 2 TR   =   0.6   BU) similar to those of a number 
of amorphous epoxy thermoplastics such as  12a  (Table  2.5 )    –    a rare instance in 
which backbone hydroxy population and hydrogen bonding potential are out-
weighed by morphological considerations.
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 For most polymers, the permeability of carbon dioxide is greater than that of 
oxygen owing to the generally greater solubility of CO 2  in them  [9, 10] , and such 
is also the case for epoxy thermoplastics. Nevertheless, some of these polymers 
exhibit good - to - excellent barrier to the gas. Compression - molded fi lms of 
poly(hydroxy amino ether)  19b  have CO 2 TR   =   3.9   BU (0% RH, 23    ° C)    –    about half 
the value for PET  [7] , which is widely used in soft drink containers for a variety of 
reasons, including the CO 2  barrier of the polyester  [49] . Further, amorphous 
polymer  19a  (CO 2 TR   =   1.4   BU)  [43]  and liquid crystalline   1o   (CO 2 TR   =   1.5   BU)  [16]  
are exceptional barriers to CO 2  with permeation rates comparable to that of high -
 barrier PVDC  [7] . Also, since pendent hydroxy moieties in epoxy thermoplastics 
lend polarity to these materials, most examples tend to have moderately high  water 
vapor transmission rate s ( WVTR ; typically measured at 32    ° C and 90% RH) of 
3 – 7   g - mil/100   in 2  - 24   h  [7, 43] , permeation rates similar to those of commercial 
nylons  [9, 10] . Once again, polymer   1o   provides a counterpoint to other epoxy 
thermoplastics with WVTR   =   0.7   g - mil/100   in 2  - 24   h, performance rivaling that of 
completely apolar polyethylene (0.6 – 1.1   g - mil/100   in 2  - 24   h)  [7, 41]  or of PVDC 
(0.25   g - mil/100   in 2  - 24   h)  [7] .   

  2.4 
 Conclusions 

 Stoichiometrically - balanced reactions of bisepoxides and various dinucleophilic 
monomers offer a pathway to a host of high - molecular - weight, hydroxy - function-
alized polymers that can combine thermoplastic processability with robust 
mechanical behavior, adhesion to a variety of active surfaces, attractive optical 
characteristics and a good - to - exceptional barrier to oxygen and other atmospheric 
gases. While these materials have yet to fi nd broad commercial utilization, they 
offer real promise in rigid packaging, fl exible fi lms, protective coatings, compos-
ites and other applications.  
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 Epoxy Functional Acrylic Polymers for High Performance 
Coating Applications  
  Carmen   Flosbach   and   Roger   Fugier        

   3.1 
 Introduction 

 Coatings based on epoxy polymers have been used for many decades in protective 
applications. The epoxy polymers based on Bisphenol - A offer excellent adhesion 
and corrosion as well as chemical resistance and are still widely used in both liquid 
and powder coatings. 

 The cross - linking can be done for example with amines (formulated as two - pack 
coatings, for instance, in corrosion protection primers) or acidic cross - linkers (as 
in powder coatings). 

 The ether linkages as well as the aromatic structures that are present in the 
backbone of these epoxy polymers, however, lead to poor UV -  and oxidative stabil-
ity and thus to poor outdoor weather stability of the resulting cross - linked polymer 
networks. Especially for architectural and automotive applications, a different class 
of polymers is needed to guarantee high gloss retention of the coated object over 
a long period of time. These demands can be fulfi lled by epoxy functional acrylic 
polymers that combine the good properties of epoxy polymers with excellent 
outdoor resistance.  

  3.2 
 Epoxy Functional Acrylic Polymers (Epoxy Acrylates) 

 Epoxy functional acrylics as described in this chapter are defi ned as acrylic copoly-
mers carrying epoxy groups on the chain and will be referred to as epoxy acrylates. 
This should not be confused with Bisphenol - A epoxy diacrylate esters that are also 
defi ned as epoxy acrylates in the literature. 

 In Figure  3.1  the schematic structure of a standard epoxy acrylate is shown. The 
polymers are synthesized in a free radical polymerization reaction of monomers 
carrying a vinyl or acrylic/methacrylic double bond. The most commonly used 
monomer to introduce the epoxy functionality is  glycidyl methacrylate  ( GMA )  1 . 
This monomer is commercially available from various suppliers. It can be easily 
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copolymerized with several other monomers such as acrylic and methacrylic mon-
omers  2  or styrene  3 .    

  3.3 
 Synthesis of Epoxy Acrylates 

  3.3.1 
 Semi - Batch Process 

 The standard synthesis procedure for epoxy acrylates is solution polymerization 
in a semi - batch process. In this process a suitable solvent is heated to a defi ned 
reaction temperature and then the monomers are dosed over a certain period of 
time in parallel with an initiator solution. Appropriate initiators are peroxides or 
azo - initiators that decay into free radicals to start the radical polymerization. A 
post - polymerization period can be used to complete polymerization and thus 
reduce residual monomers. 

 For the use of these polymers in powder coatings the polymerization solvent 
has to be distilled off after the synthesis. This can be done by applying vacuum 
with suitable equipment such as wiped fi lm evaporators. An alternative method 
of spray drying is described in  [1] .  
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     Figure 3.1     Schematic structure of epoxy acrylate polymers.  
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  3.3.2 
 Mass Polymerization 

 Mass polymerization techniques have been investigated with the goal of eliminat-
ing the solvent that is necessary in semi - batch processes. 

 To perform an acrylic polymerization without the presence of an inert polym-
erization medium is only possible in special reactors where the exothermic 
heat evolution is controllable. Hoffmann  et al.   [2]  describe the continuous mass 
polymerization at temperatures between 130 and 350    ° C, for example at 230    ° C 
in a continuous pressurized (15 – 32   bar) autoclave. After polymerization the 
reaction mixture is pumped through a static mixer and residual monomers are 
distilled off. 

 Investigations of the high temperature copolymerization of GMA with 
styrene in a  CSTR  ( continuous stirred tank reactor ) are described by Wolf 
 et al.   [3] .  

  3.3.3 
 Suspension Polymerization 

 A suspension polymerization process for the preparation of epoxy acrylates suit-
able for powder coatings is described in the literature  [4] . In this process the 
monomers are polymerized in suspension in water. After stripping off the residual 
monomers and cooling the suspension the spherical droplets of the fi nal polymer 
solidify and can be fi ltered off.  

     Figure 3.2     Reaction set up with tubular reactor for polymerization in supercritical CO 2   [5, 6] .  
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  3.3.4 
 Polymerization in Supercritical Carbon Dioxide 

 Another option is the use of inert supercritical gases as inert solvent instead of 
organic liquids  [5, 6] . The gas of choice is carbon dioxide that can be liquefi ed 
under elevated pressure and can be regarded as an ecologically neutral solvent. 
The polymerization in  supercritical CO 2   ( scCO 2  ) was investigated in a tubular 
reactor. Another advantage of the use of scCO 2  is that on pressure release the 
carbon dioxide evaporates and leads to pulverization of the epoxy acrylate polymer. 
A grinding step or further purifi cation is not necessary. The set - up of the experi-
ments can be seen in Figure  3.2 .     

  3.4 
 Design of Epoxy Acrylates as Film - forming Components in Coatings 

 There are different parameters infl uencing the fi nal properties of the epoxy acr-
ylates as well as those of the resulting cross - linked fi lm. Among these parameters 
are the glass transition temperature, the choice of monomers, the molecular 
weight and the structure of the polymer chain. 

  3.4.1 
 Glass Transition Temperature 

 The  glass transition temperature  (  T  g  ) of acrylic polymers can be calculated in a 
fi rst approximation with the Fox equation  [7] .
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where  w  1,2,3,  …     n     =   mass fraction of monomer 1,2, 3  …   n  and  T  g1,2,3  …     n     =    T  g  of the 
homopolymer of monomer 1,2,3  …   n  in Kelvin. 

 The  T  g  values for homopolymers are largely known and can be found in several 
publications  [8 – 10] . 

 The value of the glass transition temperature is especially important for the use 
of epoxy acrylates in powder coatings. The  T  g  has to be high enough to prevent 
blocking of the powder during storing. As the  T  g  of GMA - homopolymer is in a 
medium range of 63    ° C  [11, 12] , epoxy acrylates suitable for powder coatings 
contain high -  T  g  co - monomers like styrene or methylmethacrylate in order to 
achieve a suffi cient overall  T  g . 

 The Fox equation is valid for high molecular weight polymers. For low molecular 
weight polymers the experimental  T  g  that can be determined for instance via  dif-
ferential scanning calorimetry  ( DSC ) or  dynamic mechanical analysis  ( DMA ) can 
be signifi cantly lower than the calculated value. 

 The dependence of the glass transition temperature of statistical copolymers on 
the molecular weight has been described by  [13] :
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   T T
K
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n
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where  T  g ∞     =   glass transition temperature at infi nite chain length,  M  n   =    number -
 average molar mass and  K    =   material specifi c constant. 

 The number average molecular weight of standard coating polymers is rather 
low and therefore the infl uence of molecular weight cannot be neglected and has 
to be taken into account regarding the choice of monomers.  

  3.4.2 
 Molar Mass 

 Besides the infl uence on the experimental  T  g  the molar mass is also important 
with regard to the reactivity and solution/melt viscosity of the epoxy acrylate 
polymer. A higher molar mass leads to faster hardening; on the other hand the 
higher solution viscosities lead to lower solid contents of the liquid coatings. In 
powder coatings a higher melt viscosity can lead to problems with leveling of the 
molten powder during the curing process. 

 The molecular weight is largely determined by the radical yield per unit time 
resulting from the thermal decomposition of the radical initiator. The radical yield 
can be infl uenced by the type and amount of initiator, the reaction temperature 
and the feeding rate  [14] . For standard coating applications, usually polymers with 
 M  n  in the range of 1000 to 5000 are used.  

  3.4.3 
 Choice of Co - monomers 

 Whereas an epoxy functional monomer like GMA is essential to introduce the 
primary functional group into the polymer, the choice of the other co - monomers 
has infl uence on the technological properties of the polymer as well as on the fi nal 
fi lm. Among these technological attributes are the  T  g , hardness, elongation, 
mechanical properties, brittleness, chemical resistance, adhesion, pigment wetting, 
hydrophobicity, leveling, viscosity, physical and chemical drying, polish ability, 
gloss, weather stability, solvent resistance, scratch resistance and so forth. 

 Besides the epoxy functionality other different functional groups may also be 
incorporated to achieve certain properties. One example is the incorporation of 
hydroxy groups into the epoxy acrylate by the use of hydroxy functional acrylate 
or methacrylate monomers which offers the opportunity to further cross - link 
with polyanhydrides  [15] , melamine hardeners  [16]  or blocked polyisocyanates 
 [17] . 

 Under careful polymerization conditions it is also possible to introduce acid 
functionality into the epoxy polymer, thus resulting in self - cross - linkable polymer 
systems  [18] . 

 The use of tertiary butyl acrylate as a special co - monomer with interesting prop-
erties is described in  [19] . This monomer is characterized by the capacity to split 
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off isobutene  4  at elevated temperatures forming a free acid group in the polymer 
which can internally cross - link (Scheme  3.1 ). This latent acidic group can increase 
the cross - linking density without reducing the storage stability of the coating 
formulation.   

 The cleavage can be monitored via infrared spectroscopy at 120 and 160    ° C  [20] . 
The relevant wavenumber region for the involved structures is shown in Figure 
 3.3 . At 120    ° C the differences between the starting polymer and the heat treated 
one are not very pronounced, whereas at a temperature of 160    ° C a signifi cant 
decrease in both the tertiary butyl ester group and the epoxy group is visible. This 
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     Scheme 3.1     Cleavage of the  tert  - butyl ester group into isobutene and formation of acid 
groups.  

     Figure 3.3     Monitoring of internal cross - linking via  tert  - butyl ester cleavage (infrared spectra).  



 3.4 Design of Epoxy Acrylates as Film-forming Components in Coatings  45

proves that a certain degree of self - cross - linking is taking place in these 
polymers.    

  3.4.4 
 Epoxy Acrylates with a Dual - Cure 

 Besides copolymerization with functionalized co - monomers the introduction of a 
second cross - linkable functionality can be done via a polymer - analogous modifi ca-
tion of epoxy acrylates. One example is the partial reaction of epoxy acrylates with 
acrylic acid  5  to introduce acrylic double bond functionality (Scheme  3.2 ). The 
resulting polymer is suitable for dual - cure applications. In these dual - cure coatings 
a UV - cure and a thermal cross - linking reaction are combined. This combination 
is appropriate in systems where objects with a complicated shape have to be 
coated. The thermal cross - linking reaction can then cure the coating in the shad-
owed areas where the UV - light intensity is too low for effective cross - linking  [21] .    

  3.4.5 
 Structure of the Polymer: Block Copolymers 

 In most coating applications straight linear statistical copolymers are used. Nev-
ertheless, the use of specially designed polymer architectures can infl uence the 
fi nal properties of a cross - linked system and offer opportunities that cannot 
be reached with statistical linear polymers. Several ways to prepare epoxy acrylic 
polymers with defi ned polymer architecture have been investigated. 

 Block copolymers of GMA can be synthesized by anionic polymerization using 
a special initiator prepared by the addition of an organolithium compound to 
methyl methacrylate  [22] . 
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     Scheme 3.2     Synthesis of dual - cure epoxy acrylate by partial addition of acrylic acid.  
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 The option to produce telechelic polymers by the use of low molecular weight 
oligomers of GMA prepared via  catalytic chain transfer  ( CCT ) technology with 
special cobalt complexes is described by Gridnev  [23] . 

 ABA - block - copolymers with epoxy functionality can be prepared using a silicone 
containing initiator via group transfer polymerization  [24] .  

  3.4.6 
 Structure of the Polymer: Branched Epoxy Acrylates 

 Branching of polyacrylate polymers can be achieved via the copolymerization of 
low amounts of diacrylate or dimethacrylate monomers. The synthesis of branched 
epoxy acrylates via another route is described in  [25] . The branching is achieved 
by the formation of ester groups between polymer chains via  in situ  internal epoxy/
acid reaction during the polymerization (Scheme  3.3 ).   

 When comparing the effect on molecular weight broadening with the acrylic 
acid/glycidylmethacrylate adduct with the corresponding molar amount of a dia-
crylate like  butane diol diacrylate  ( BDDA ), it can be recognized that the effect of 
the use of acrylic acid is much more pronounced than the effect of the diacrylate 
(Figure  3.4 )  [26] .   

 This effect is explained by the fact that, in contrast to BDDA, the adduct of 
acrylic acid and GMA has to be formed during synthesis. The speed of this for-
mation in comparison to the radical polymerization determines the amount of 
diacrylate present. A signifi cant amount of the epoxy/acid reaction seems to take 
place after both monomers are already copolymerized, leading to the formation 
of polymer chains with higher molecular weight. This theory is supported by the 
results with variation of temperature that can be seen in Figure  3.5 . With increas-
ing polymerization temperature the broadening of the molecular weight distribu-
tion is reduced signifi cantly. This indicates that at higher temperatures the 
reaction between acrylic acid and GMA is faster than the copolymerization and 
thus the resulting polymer has a structure more similar to that obtained when 
BDDA is used.   
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     Scheme 3.3     Introduction of branching into the epoxy acrylate via  in situ  reaction with 
acrylic acid.  
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     Figure 3.5     Infl uence of polymerization temperature on broadening of molecular weight of 
branched epoxy acrylate.  

 It has been found that the use of a certain degree of internal pre - reaction 
increases the cross - linking density and, therefore, the solvent resistance without 
noticeably affecting the viscosity of the polymer solution. 
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 By adjusting the amount of acrylic acid and the polymerization temperature the 
structure of the polymer can be tailored according to the desired properties.   

  3.5 
 Cross - linking Reactions in Coating Systems 

 Due to its high ring strain the epoxy group readily undergoes chemical reactions 
that allow opening of the epoxy ring. Numerous cross - linking reactions for epoxy 
polymers in general are described in  [27]  as well as in Chapter  1 . These cross -
 linking reactions are also suitable for epoxy acrylate polymers. 

 A special cross - linking mechanism for epoxy acrylates is described by Essenfeld 
 et al.   [28] . The reaction of epoxy groups with tris(alkoxycarbonylamino)triazines  6  
leads to the formation of a heterocyclic oxazolidinone ring (Scheme  3.4 ).   

 Although a plurality of cross - linking compounds can be used in combination 
with epoxy acrylates the most widely used cross - linking mechanism is the reaction 
with an acidic component. As a hardening agent various acidic polymers can be 
used, like polyanhydrides  [15, 29] , di -  or polyacids  [30] , acidic polyethers  [31] , acidic 
polyurethanes  [32]  or acidic polyesters  [33, 34] . 

 The reaction between epoxy acrylates and carboxy groups is an exothermic addi-
tion reaction. The progress of the reaction at a given temperature is dependent on 
different factors such as the acid strength, acid functionality, degree of branching 
and the presence of a catalyst. The reactivity can be increased signifi cantly by the 
use of a catalyst; however the storage stability of the system may be reduced in the 
same process. In these cases the use of two - pack systems is more appropriate. 
Suitable catalysts for the epoxy/acid cross - linking include phosphonium salts, 
cyclic amines and quaternary ammonium salts. 

 The cross - linking reaction between epoxy acrylates and acidic polyesters, diacids 
or polyanhydrides has been known for at least three decades  [29 – 31] . By optimiz-
ing the polymer composition, structure and functionality as well as by the right 
choice of hardener the demands for modern high performance coatings can be 
fulfi lled with this chemistry. 
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  3.5.1 
 Epoxy Acrylates in Etch - resistant One - Component Liquid Coatings 

 Modern automotive clear coats have to fulfi ll several important functions. One task 
is to guarantee an excellent optical appearance of a car with a shiny, glossy fi nish 
and a brilliant color impression. The other duty of the clear coat is to protect the 
car body from factors such as mechanical damage (scratches from car wash 
brushes, bushes, keys, stone chip and so forth), chemical attack (water, humidity, 
salts, acids, air pollution) as well as UV - radiation (Figure  3.6 ). Besides these tech-
nological requirements, environmental factors must also be taken into account. 
Thus environmentally friendly coatings like high solid, waterborne and powder 
coatings are a focus of development.   

 With the increased environmental pollution the demand for chemical resistant 
coatings has been growing in the last decade. 

 Standard one - pack automotive clear coats are based on hydroxy functional 
acrylic polymers that are cross - linked with melamine - type hardeners  7 . During 
cross - linking a condensation reaction occurs, an alcohol is split off and ether link-
ages are formed (Scheme  3.5 ). These ether linkages as well as the basic structures 
of the melamine derivative itself are easily attacked by acidic substances and thus 
show weak acid resistance. After artifi cial etch tests or after outdoor exposure in 
an aggressive industrial atmosphere severe damage can be observed on the surface 
of the clear coat.   

 The ester linkage that is formed during the reaction of epoxy acrylates with acidic 
cross - linking agents is signifi cantly more stable to acidic attack and leads to one -
 pack solvent borne coatings with good storage stability while delivering very high 
chemical resistance of the cross - linked fi lm. Especially, the very aggressive artifi -
cial etch test of some Japanese car manufacturers like the Toyota zero etch test 
require one - pack coatings based on epoxy/acid cross - linking. High etch resistant 
coatings based on this chemistry have been introduced into the automotive market 
and show superior behavior in outdoor weathering in an aggressive atmosphere. 

 In liquid coatings a carboxyl functional polymer, preferably an acidic polyester, 
is used as a cross - linking agent. The structure of this polyester polymer strongly 
infl uences the mechanical properties of the cross - linked fi lm.The generated 
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     Figure 3.6     Protective tasks of modern clear coat.  
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hydroxy group offers additionally the option to further cross - link via co - hardeners 
(like silane, blocked polyisocyanates, melamine cross - linkers and so forth). 

 The reactivity depends on the functionality of the acidic polymer, as well as on 
the acid strength. One way to introduce the acid functionality is the reaction of a 
hydroxy functional polymer with an anhydride under formation of an acidic half 
ester  [33] . By modifi cation with  ε  - caprolactone the reactivity of the acid group can 
even be enhanced  [35] . The structure of the resulting acidic polymer has an effect 
on the mechanical properties of the cross - linked fi lm. 

 A high scratch resistance of a coating can, in general, be achieved by a high 
cross - linking density combined with high fl exibility of chains between network 
points  [36] . Thus the use of high functional fl exible acidic polyesters can improve 
the resistance against scratches derived from car wash brushes signifi cantly. 

 By the right choice of epoxy acrylate and acidic polymer, storage stable liquid 
coatings can be formulated that show a good cure at temperatures of 140    ° C and 
higher. The progression of the cross - linking reaction as a function of temperature 
can be monitored via dynamic mechanical analysis  [37] . In Figure  3.7  the results 
of these investigations with a liquid coating system based on an epoxy acrylate 
combined with acidic polyester without the use of a catalyst is shown.The results 
show that even without a catalyst the cross - linking reaction occurs at a temperature 
of 120    ° C. At 140 and 160    ° C the fi nal value of the storage modulus, which is a 
measure for the cross - linking density, is reached after only 10 – 15   min.    
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     Scheme 3.5     Melamine cross - linking compared to epoxy/acid cross - linking.  



 3.5 Cross-linking Reactions in Coating Systems  51

  3.5.2 
 Epoxy Acrylates in Powder Coatings 

 As powder coatings are a special fi eld of the coating industry a short introduction 
to the composition as well as the production process is given. Whereas standard 
liquid coatings are produced by mixing different components in a liquid phase, 
powder coatings are produced by a totally different process. The production 
process is comparable with the processes in plastics manufacture. The most com-
monly used process is a semi - continuous one, shown schematically in Figure  3.8 .   

 In the fi rst step the ingredients are premixed. For this premixing a special 
blender for solid materials is used.The main portions of the ingredients are the 
fi lm - forming polymer components, for example an epoxy functional polymer and 
an acidic hardener. A catalyst such as a quaternary ammonium or phosphonium 
salt can be added to lower the fi nal baking temperature, and a degassing additive 
(like benzoin) may be used to avoid trapped air. Other additives may include fl ow 
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additives (acrylate or silicone - based) for a smooth appearance, a  “ tribo ”  additive to 
allow the powder application by tribostatic - charging guns and anti - UV and/or 
anti - oxidant additives. In pigmented versions several pigments and fi llers are used 
to achieve the desired color. 

 After premixing, the solid ingredients are homogenized via extrusion in the 
molten state at temperatures of around 120    ° C. For homogenization of the poly-
mers and dispersion of pigments a single screw, a twin screw or a planetary 
multiscrew extruder is used. The extrudate is laminated between two chilled rolls 
into a strip at the extruder exit and thus is cooled down to room temperature (at 
least lower than  T  g ) by contact, using either chilled rolls or a stainless steel chilled 
band. The resulting brittle sheet is broken into chips. After grinding these chips 
in a special mill to the desired fi nal particle size distribution, the powder is homog-
enized and packaged. 

 The fact that the cross - linking reaction between epoxy functional polymers and 
acidic hardeners is an addition reaction without the release of a condensation 
product or a blocking agent, makes this cross - linking especially suitable for powder 
coatings. 

 Powder applications based on epoxy acrylates are developing rapidly due to the 
advantages of this polymer chemistry compared to conventional epoxy polymers. 
The acrylic chemistry offers a much better weather stability combined with the 
potential to reduce baking temperatures and fi lm builds. The appearance of the 
coating is much better due to better leveling and higher gloss. 

 Diacids, anhydrides or acidic polymers can be used as cross - linking agents for 
the powder polymers. In the powder formulation some of the acidic polymers that 
can be used in liquid coating cannot be used in powder systems as the reactivity 
is too high. The standard powder process includes an extrusion process (mixing 
of components in the molten form under shear) at elevated temperatures and thus 
the reactivity of the system has to be controlled to prevent a pre - reaction in 
the extruder. 

 One of the most commonly used cross - linkers for powder coatings is 1,12 - 
dodecanoic diacid  8  or its anhydride  9  (Scheme  3.6 ). Based on that chemistry a 
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     Scheme 3.6     Standard powder cross - linker.  
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powder clear coat has been developed that can be used for the coating of whole 
automotive car bodies. BMW has been using this type of powder clear coat in 
nearly all application lines for several years.    

  3.5.3 
 Epoxy Acrylates in Water - Borne Coatings 

 The use of water as a solvent is another option for environmentally friendly coat-
ings. Due to the high reactivity of the epoxy group special preconditions have to 
be fulfi lled to prevent hydrolysis of the epoxy functionality. For automotive applica-
tions special aqueous powder slurries have been developed  [38] . These coatings 
can be formulated to be almost solvent free, like powder coatings, and can be 
applied with standard spray equipment like liquid coatings. Aqueous powder slur-
ries can be prepared by dispersing a powder clear coat based on an epoxy acrylate 
polymer and an acidic hardener in an aqueous medium with the help of a sur-
factant and subsequent wet milling of the powder slurry.   

  3.6 
 Conclusions 

 Epoxy acrylates are very versatile tools for the formulation of high performance 
coating systems. Due to their excellent weather stability they are the epoxy func-
tional polymer type of choice for outdoor applications like automotive or architec-
tural coatings. The synthesis is performed using free radical polymerization and 
offers a wide range of variations regarding the choice of co - monomers, the molecu-
lar weight of the polymers, the  T  g  and the structure of the polymer. Epoxy acrylates 
can be combined with several cross - linking agents such as amines, acids, anhy-
drides and so forth. The use of acidic polyesters leads to high etch resistant solvent 
borne coatings. The cross - linking with polyacids or polyanhydrides is especially 
suitable for powder coatings. 

 Epoxy acrylate - based coatings combine environmental friendliness with excel-
lent technological properties.  
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 Epoxy Polymers Based on Renewable Resources  
  Alessandro   Gandini        

   4.1 
 Introduction 

 Polymers from renewable resources are steadily and rapidly regaining their right-
ful status among macromolecular materials  [1, 2]  and it does not seem preposter-
ous to think that they will be predominant in the not - too - distant future.  Regaining , 
because they were in fact the very fi rst synthetic polymer commodities developed 
during the second half of the 19th century (cellulose esters, vulcanized natural 
rubber, rosin derivatives, terpene  “ resins ” , etc.), quite apart from the direct use of 
natural polymers and macromonomers throughout the history of mankind (cotton, 
paper, starch products, wool, silk, gelatin, siccative vegetable oils, leather, etc.). 
The 20th century witnessed the meteoric growth of coal and petroleum chemistry 
and with it the extraordinary surge of a wide variety of macromolecules derived 
from the rich diversity of monomers available through these novel synthetic 
routes. Towards the end of the century, the dwindling of fossil resources, and the 
corresponding rise in costs associated with their extraction, set the stage for a 
growing concern about fi nding alternative sources of energy and chemicals, and 
hence organic materials. Renewable resources started therefore to attract fresh 
attention and this trend has been acquiring a growing momentum ever since, as 
can be seen by the increase in the number of publications, reviews, books, scien-
tifi c symposia and, concurrently, by the correspondingly growing involvement of 
public and industrial laboratory and research institutions. This applies to both 
energy alternatives and the preparation of chemicals as well as polymers, through 
the strategic formulation of a new paradigm, the biorefi nery  [3] , and its progressive 
implementation all over the planet. It is important to emphasize that this state of 
affairs does not stem from whimsical fashionable attitudes, but, instead, from the 
realization of a pressing need to set the stage for the near future  [2] . 

 The research efforts in the realm of macromolecular materials derived from 
renewable resources have been collected in a recent comprehensive treatise  [1] , 
organized in terms of the actual resource, but only brief excursions into the area 
of epoxy - based polymers are provided therein. It seems therefore justifi ed to cover 
this topic in a more systematic way here, although it must be emphasized from 
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the start that, compared with other families of chemical structures like polyesters, 
polyamides, polyurethanes and macromolecules synthesized via chain - growth 
mechanisms, this particular family of monomers, namely epoxys prepared from 
renewable resources, have been the subject of more limited investigations. 

 This chapter is fi rst divided into two parts, viz. the synthesis and exploitation 
(i) of monomers and macromonomers bearing more than one epoxy moiety and 
(ii) of counterparts carrying a single such moiety. Clearly, the fi rst group of deriva-
tives is suitable for both polycondensations, or step - growth reactions, for example, 
with diamines or dianhydrides, and ring - opening chain reactions induced by 
ionic initiators, both leading to network formation, whereas the second is con-
cerned with precursors to linear polyethers through the latter chain reactions. Each 
part is further subdivided as a function of the nature of the renewable source 
utilized to prepare these polymer precursors.  

  4.2 
 Synthesis and Polymerization of Monomers and Macromonomers Bearing Multiple 
Epoxy Functions 

  4.2.1 
 Vegetable Oils 

 Apart from the growing use (and accompanying controversy) of vegetable oils as 
a source of energy through transesterifi cation reactions leading to different varie-
ties of biodiesels, these natural resources have been exploited for millennia as 
solvents and polymer precursors in paints, varnishes, lacquers and inks, and, in 
recent times, also for the conception of novel materials  [4] . The general 

structure of triglycerides   1    
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O

O

O 1

R2O

O
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R3      encompasses a large variety 

of fatty acid residues R 1 , R 2  and R 3 , in terms of length and chemical features, which 
include linear saturated and unsaturated (up to six double bonds) aliphatic chains, 
and, less frequently, moieties like hydroxy, epoxy and carbonyl groups. All vegeta-
ble oils are mixtures of these various triglycerides, with compositions which span 
widely as a function of the corresponding species. Whereas their alkenyl unsatura-
tions have played (and continue to play) a paramount role in applications calling 
upon their  “ siccativity ” , that is, their proneness to polymerize in the presence of 
atmospheric oxygen, the last few decades have witnessed the surge of novel 
approaches in the exploitation of vegetable oils as renewable sources of materials 
with a larger spectrum of properties and applications. These strategies rely on more 
sophisticated chemical processes which have been reviewed in a recent monograph 
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 [4] . The specifi c issue of the use of epoxidized vegetable oils as macromonomers, 
however, was only briefl y covered in that instance and in other books and reviews 
 [5] , and hence the need to fi ll the gap here and bring the topic up to date. 

 Among several natural oils incorporating an epoxy moiety in its pristine struc-
ture is vernonia oil, obtained from the seeds of  Vernonia galamensis , an annual 
herb, native of Africa, which is highly appreciated for its resistance to pests and 
diseases and for its modest need of water for its growth  [6] . These qualities have 
spurred plantations in the USA. Vernonia oil, reputed for its low viscosity, com-
pared with that of most counterparts, contains up to 80% of triglycerides bearing 
vernolic acid ( cis  - 12,13 - epoxy oleic acid) residues. Recent interest in this renewable 
resource as a source of macromolecular materials has concentrated on the conver-
sion of its epoxy functions to acrylic moieties  [7]  or on turning them into carbonate 
moieties  [8] , rather than on their  direct  exploitation to synthesize polymers. The 
UV - initiated cationic polymerization of methyl vernolate and various oligoethers 
incorporating vernolate moieties is one of the only studies describing the actual 
use of that unmodifi ed structure to prepare coating fi lms  [9] , but Crivello and 
Narayan  [10]  were the fi rst to show that vernonia oil could be polymerized by that 
technique. This promising resource is likely to receive growing attention as a 
macromonomer and precursor to other reactive structures in the near future. 

 The introduction of epoxy groups into fatty acid unsaturated chains has been 
practised for some time, following the pioneering work of Crivello ’ s laboratory 
 [10] . Since then, much fundamental and applied research has been devoted to the 
subject and recently summarized  [5d,e] . The epoxidation reaction shown in Equa-
tion  4.1  in its global form for a linoleic chain obviously involves an oxidizing 
reagent and a catalyst and can also call upon a chemo - enzymatic pathway:

      
 (4.1)   

 This process has reached an industrial status in the case of  epoxidized castor oil  
( ECO ),  epoxidized linseed oil  ( ELO ) and  epoxidized soybean oil  ( ESO ), among 
others, and the application of the epoxidized materials is being actively widened, 
either as macromonomers in their own right, or as precursors to other functionali-
ties suitable for macromolecular synthesis. Among the most important chemical 
modifi cations of these epoxy moieties reported and exploited to synthesize new 
polymers from renewable resources one fi nds: (i) their transformation into hydroxy 
groups and the use of the ensuing polyols in the synthesis of polyurethanes; (ii) 
their esterifi cation to produce acrylates, maleates, and so on, suitable for free 
radical homo -  and co - polymerizations  [4, 5] . These studies, however, fall outside 
the scope of this book and hence only the  direct  use of epoxidized oils in polymeri-
zation reactions will be discussed further. 
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 There is surprisingly little published work on step - growth systems involving the 
most conventional combination of epoxy and amine moieties in which the former is 
an epoxidized vegetable oil. In the early 1990s, a brief study described the use of ESO 
as a co - monomer in a classical mixture of  bisphenol A diglycidyl ether  ( DGEBA ) and 
aromatic diamines aimed at improving the crack and impact resistance of the fi nal 
thermoset  [11] . Much more recently, Czub  [12]  carried out a thorough investigation 
of the use of a variety of epoxidized oils in conjunction with bisphenol A in the prepa-
ration of epoxy networks with different hardeners, including dicyanodiamide and 
triethylenetetramine and followed the curing reactions without, however, character-
izing the ensuing materials. In another vein, T é llez  et al.   [13]  reacted ELO with di -  
and tri - amines at 30 – 70    ° C to prepare aminated derivatives as shown in Equation  4.2 , 
which were characterized and then crosslinked at 180 – 220    ° C. Again, the properties 
of the ensuing materials were left for a subsequent study.

      
 (4.2)   

 The use of anhydride hardeners to crosslink epoxidized oils has received slightly 
more attention. Boquillon and Fringant  [14]  studied the kinetics of the polymeriza-
tion of ELO with various aromatic and cycloaliphatic anhydrides at 150 – 170    ° C and 
characterized the ensuing networks by measuring their glass transition tempera-
ture ( T  g ) and fl exural modulus, both of which increased with increasing proportion 
of anhydride, their dynamic mechanical properties and their crosslink density. On 
the whole, these materials based on renewable resources displayed adequate prop-
erties in terms of applications associated with relatively low glass transition tem-
peratures, viz. between 35 and 110    ° C. A similar investigation in which ELO and 
ESO replaced up to 50% of  bisphenol F diglycidyl ether  ( DGEBF ) gave networks 
with high elastic moduli and  T  g , together with improved impact strength and 
fracture toughness, compared with the counterpart without epoxidized oil  [15] . 
Nanocomposites made up of these matrices and various inorganic fi llers were also 
studied  [16] . The reaction of ESO with a terpene - based anhydride and the proper-
ties of the corresponding network were compared with those of its polymerization 
with hexahydrophthalic anhydride  [17]  and it was shown that the material entirely 
based on renewable resources had a higher  T  g  and mechanical features, which 
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were further improved by incorporating lyocell cellulose fi bers into it. Cellular 
morphologies were prepared by the reaction of ESO with malonic acid because 
the malonic monoester intermediate decarboxylates around 135    ° C, thus generat-
ing an intrinsic CO 2  blowing agent  [18] . The ensuing foams were characterized in 
terms of density, compressive modulus, cell morphology rebounding and biode-
gradability, showing viable properties, including a high rate of biodegradation. 

 The photoinitiated cationic polymerization of epoxidized oils has been the 
subject of intense scrutiny in Crivello ′ s laboratory for numerous years, starting 
with the 1992 ground - breaking study  [10]  applied to a whole host of oils, as in the 
case of the linseed homologue (Equation  4.3 ):

      
 (4.3)   

 In a subsequent investigation  [19] , these networks were reinforced with glass fi bers 
and thoroughly characterized, mostly in terms of  T  g  and mechanical properties, 
leading to the conclusion that this process constituted  “ a simple, direct, and inex-
pensive route to the fabrication of composites with many potential low - perform-
ance applications ” , a remarkable feat for materials derived in part from renewable 
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resources. The substitution of glass fi bers by cellulose counterparts  [20]  would 
represent an elegant piece of work to complete this green approach. A recent addi-
tion from Mexico to the work initiated by Crivello deals with the substantial 
acceleration of the cationic polymerization induced by the presence of substituted 
benzyl alcohols  [21] . 

 Park ’ s group has extended the scope of these cationic crosslinking reactions by 
replacing the UV - based initiators by thermal counterparts. In a series of papers, 
ECO and ESO were polymerized alone  [22, 23]  or in the presence of DGEBA  [24, 
25]  using  N  - benzylpyrazinium or  N  - benzylquinoxalinium hexafl uoroantimonate 
and the ensuing networks thoroughly characterized. A similar approach had been 
previously applied, albeit in a short report, to the preparation of hybrid composites 
resulting from the cationic crosslinking of ESO and ELO in the presence of 
montmorillonite  [26] . Very recently, another hybrid nanocomposite was prepared 
from ELO and a polyhedral oligomeric silsesquioxane, again calling upon the use 
of thermally - activated cationic initiators  [27] . 

 A very different approach to the cationic polymerization of epoxidized oils has 
been described, consisting in epoxidizing methyl oleate, viz. preparing a macrom-
onomer with a single epoxy moiety, oligomerizing it in bulk using HSbF 6  and 
fi nally reducing some or most of the terminal ester groups to primary alcohol 
functions, as shown in Equation  4.4   [28] .

      
 (4.4)   
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 Thus, whereas the oligomers were telechelic macrodiols, their reduced homo-
logues bore up to fi ve OH groups, depending on their initial DPn and on the 
extent of the methyl ester reduction. The structure and molar mass of all the 
products of this process were carefully assessed and thereafter the fi nal polyols 
were used in conjunction with  methylene diphenyl diisocyanate  ( MDI ) for the 
synthesis of low -  T  g  polyurethanes possessing hard - rubber or rigid - plastic 
features. 

 An alternative polymerization of ESO, which makes use of an aromatic 
cyanate ester, was recently reported, although its reaction mechanism was not 
elucidated convincingly  [29] . The fi nal networks displayed  T  g  values and mechan-
ical performances which decreased as the proportion of ESO in the initial 
reaction was increased, that is, the epoxidized oil incorporation played a 
plasticizing role. 

 Epoxidized di -  and tri - 10 - undecenoyl macromonomers have been the subject of 
an original study which allowed terminal epoxy groups to be inserted in fatty acid 
structures  [30, 31]  together with phosphorus - containing moieties. These novel 
monomers were polymerized through the standard epoxy process using aromatic 
diamines   2  .

      

 The purpose of this investigation was to combine the exploitation of renewable 
resources with fl ame retardancy. 

 In conclusion, the role of long aliphatic chains derived from natural triglycer-
ides, particularly those bearing unsaturation, seems particularly conducive to their 
use in epoxy polymer compositions, following appropriate chemical modifi cations, 
mostly because of their toughening role, that is, the reduction of the inherent 
brittleness of that family of materials. The abundance of vegetable oils and the 
large spectrum of structures they provide in nature, coupled with this benefi cial 
role, should incite more involvement in fundamental and applied research aimed 
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at optimizing the synthetic processes and the properties of the corresponding 
polymers and, hence, stimulate a wider exploitation of these renewable resources 
in the manufacture of novel epoxy materials. Whereas the epoxidation of both oils 
and their unsaturated fatty acids appears to be the most straightforward approach 
to this strategy, other modifi cations, like the introduction of amino or anhydride 
functions, also deserve attention.  

  4.2.2 
 Natural Rubber 

 Poly(1,4 - isoprene)   3  , in both its cis -  (a) or trans -  (b) form, is the basic macromo-
lecular component of the natural rubber latexes or sap - like dispersions exuded by 
a variety of tropical trees:

     

 Because of the increasing interest in renewable resources, the production of 
natural rubber has witnessed a steady increase in its annual world production 
reaching now some 9   MT, and is expected to attain more than 11   MT by 2020, 
which would constitute just less than half of its synthetic rubber counterpart. 

 The presence of alkenyl unsaturations along its macromolecule (indeed in each 
monomer unit) has of course been exploited for its controlled crosslinking using 
mostly sulfur - based chemistry, which provides the well - known elastomers and 
harder materials that society has utilized for well over a century. The very same 
unsaturations are, however, also the source of the high sensitivity of poly(1,4 -
 isoprene) to oxidative degradation through free - radical mechanisms which are not 
fundamentally different from those associated with the oxido - polymerization of 
drying vegetable oils. 

 This similarity of behavior, albeit with totally different outcomes and conse-
quences, detrimental to the lifecycle of rubber - based objects, useful in coating 
materials incorporating the unsaturated oils, can be extended to another chemical 
transformation associated with the presence of alkenyl unsaturations, namely the 
epoxidation of the C = C moiety (Equation  4.5 )  [32] .

      
 (4.5)   
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 The process leading to  epoxidized natural rubber  ( ENR ) has been an industrial 
operation for a couple of decades now and Thailand plays the leading role in this 
context. ENRs represent an entirely new family of elastomers in which the epoxide 
moieties are randomly distributed along the poly(1,4 - isoprene) macromolecules. 
The most available commodities are ENR50 and ENR25, the fi gures indicating the 
percentage of epoxidized monomer units. Epoxidation results in a systematic 
increase in the polarity and glass transition temperature and the properties which 
are affected by increasing levels of epoxidation include (i) an increase in dumping; 
(ii) a reduction in swelling in hydrocarbons and oils; (iii) a decrease in gas perme-
ability; (iv) an increase in silica reinforcement; (v) improved compatibility in 
blends with polar polymers like PVC; (vi) a reduction in rolling resistance; and 
(vii) an increase in wet grip. Most of the literature dealing with these aspects 
concentrates on materials based on the use of ENR and its blends in which the 
epoxy moieties are not involved in specifi c chemical reactions and therefore falls 
outside the scope of this book. This is in part understandable, because the vast 
proportion of these moieties are not necessarily conducive to their exploitation in 
systems like traditional epoxy combinations. 

 An interesting extension of the work on ENRs is their controlled degradation 
through macromolecular splicing, which produces low DP liquid homologues  [33] , 
viz. epoxy oligomers (LENR) with physical and chemical features better adapted 
to their use as macromonomers for both step - growth and chain polymerizations. 
This type of exploitation does not seem to have caught the attention of researchers 
as yet, except for a study of epoxy matrices modifi ed by the addition of either 
ENR50 or its low molar mass liquid homologue LENR50  [34] . The evolution 
of these systems was followed by the increase in viscosity, but no attempt 
was made to establish whether and to what extent the epoxidized rubbers had 
participated chemically in the network formation. Attention was instead focused 
on the increase in tensile and impact toughness brought about by the presence 
of LENR and on the multiphase and hence multi -  T  g  character of the fi nal 
products. 

 Kumar and coworkers reported an investigation of the cationic polymerization 
of a mixture of a cycloaliphatic diepoxide, ENR and glycidyl methacrylates, which 
suggested the formation of an interpenetrating network through a complex set of 
mechanisms, including the intervention of the epoxide moieties borne by ENR 
 [35] . A subsequent study from the same laboratory  [36]  dealt with the  electron -
 beam  ( EB ) postcuring of the same monomer combinations and concluded that the 
use of EB was useful in providing higher conversions and higher fi nal glass transi-
tion temperatures, while an increase in ENR content led, as should have been 
expected, to more elastic networks. 

 Gelatinized cassava starch was mixed with ENR and the ensuing blends char-
acterized by their rheological and morphological properties  [37] . On the basis of 
their rheological results, the authors postulated the possibility of chemical interac-
tions between the two polymers, that is, the condensation of the starch primary 
OH groups with the oxirane moiety (Equation  4.6 ), although no direct proof of 
this reaction was provided.



 64  4 Epoxy Polymers Based on Renewable Resources

      
 (4.6)   
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 The additional interest of this investigation lies in the fact that the materials 
involved are both polymers from renewable resources. 

 One of the rare reports on the use of ENR and diamines, as in a conventional 
epoxy formulation, was actually conceived as a means to reduce the ease of oxida-
tion attributed to ENR, that is, the added aromatic diamines were intended as 
radical scavengers capable of retarding that degradation  [38] . The author deduced 
that the two components had in fact reacted, as clearly expected, because the 
ensuing material had crosslinked. Years later, Hong and Chan  [39]  assessed the 
role of ENR in a standard epoxy composition consisting of DGEBA, dicyanodi-
amide and the accelerator 2 - methylimidazole, by following the curing rate by DSC 
and characterizing the fi nal networks in terms of  T  g , morphology and lap shear 
strength. All evidence gathered in this study again pointed to the chemical partici-
pation of ENR in the crosslinking mechanism through its epoxy functions, and 
this despite the heterogeneous nature of the system because of the epoxidized 
natural polymer in the initial epoxy mixture. 

 It seems reasonable to conclude that high - DP ENRs are not suitable as macrom-
onomers in systems involving polymerization mechanisms associated with the 
specifi c reactive modes of the epoxy group, mostly because of their excessive 
content of these groups and lack of acceptable solubility or miscibility. They are, 
therefore, more likely to pursue successful roles in blends with various synthetic 
and natural polymers. The low molar mass liquid homologues, LERNs, appear to 
be much more promising as macromonomers in different polymerization con-
texts, including with other renewable resources, as already hinted in the case of 
the ENR - sarch combination  [37] . This promising outlook requires, however, a good 
deal of experimental verifi cation.  

  4.2.3 
 Lignin 

 Native lignin is a crosslinked aromatic – aliphatic polymer ubiquitous in vegetable 
structures of trees and annual plants where it plays the indispensable role of 
matrix in the cell wall structure, surrounding the cellulose fi bers, that is, the 
reinforcing elements of that exemplary natural composite. Structure   4   illustrates 
the most salient irregular features of lignin, whose detailed structure, however, 
varies with wood species and other botanical parameters  [40] . When lignin is 
separated from cellulose, as in most pulping processes and biorefi neries, it is 
chemically degraded into fragments which are soluble in the specifi c delignifi ca-
tion medium and whose molar masses vary considerably, together with certain 
structural features  [41] .
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 Notwithstanding these differences, all lignin fragments incorporate in their 
structure the typical  “ C9 ”  units, made up of a phenolic ring and a propyl moiety 
attached to it, as well as, and more importantly for their use in polymer syntheses, 
both phenolic and aliphatic hydroxy functions. The preparation of macromolecular 
materials based on such lignin macromonomers can be used as such, through 
reactions involving their OH groups, namely ester, ether or urethane formation, 
or after preliminary chemical modifi cations aimed at making these groups less 
sterically hindered and hence more reactive, or appending new reactive functions. 
These strategies have been recently reviewed  [42]  and only the context related to 
epoxy polymers will be expanded here, using the term lignin for simplicity to 
describe the lignin fragments described above. 

 Glasser ’ s group conducted the fi rst and still the most thorough study on the pos-
sibility of using lignins of various industrial origins as sources of multiepoxy mac-
romonomers  [43] . The fi rst step in this process is the oxypropylation of lignin to 
 “ extract ”  the OH groups from its bulky structure and thus make them more acces-
sible to further reactions. Oxypropylation has since become a very versatile reaction 
within the broader realm of the modifi cation of intractable solid natural polymers, 
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by converting them into viscous polyols with various useful applications in macro-
molecular synthesis  [44] , as sketched in the general mechanism (Equation  4.7 ).

      
 (4.7)   

 When applied to lignin  [44] , it decorates it with short grafts of poly(propylene 
oxide) arising from chain extensions from its OH groups, as sketched in   5  , where 
L stands for a lignin core structure.
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 The subsequent step  [43a]  consisted in introducing terminal epoxy moieties by 
condensing epichlorhydrin on some of these new aliphatic OH groups as well as 



 68  4 Epoxy Polymers Based on Renewable Resources

on some of lignin ’ s pristine counterparts, as shown in the reaction sequence 
(Equation  4.8 ).
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 These epoxidized lignins were mixed with aromatic diamines  [43b,c]  to prepare 
epoxy networks and the reactions were followed by DMTA and DSC. Cross - linking 
was attained more slowly than with standard homologous systems because of the 
lower mobility of the macromolecular species involved, and when vitrifi cation 
occurred with the stiffest monomer structures, the process halted. The fi nal  T  g  of 
these polymers was in the range 80 – 200    ° C depending on the type of lignin used 
and the extent of its oxypropylation. 
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 Regrettably, little work has followed that pioneering contribution. Simionescu 
 et al.   [45]  and, later, two Chinese groups  [46, 47]  have described the preparation 
of epoxidized lignosulfonates, but these investigations did not provide any relevant 
originality with respect to Glasser ’ s groundbreaking investigation, neither in terms 
of the actual lignin chemical modifi cation, nor in the characterization of the 
ensuing materials. 

 The only published report on the use of unmodifi ed lignins for the prepara-
tion of epoxy resins came a dozen years ago from IBM  [48] . These systems 
involved different typical epoxy monomers (like DGEBA or an epoxidized 
novolac), aromatic diamines and two types of lignins, kraft or organosolv  [41]  
(differing mostly in terms of DP and solubility), amounting to more than 50% 
of the total monomer composition. Boards prepared by crosslinking these com-
binations in the presence of a glass fi ber mat, displayed  T  g  values up to 170    ° C, 
very good adhesion properties to copper, excellent dielectric properties, as well as 
a remarkable fi re resistance, and were, therefore, applied to the fabrication of 
electronic circuit boards. 

 In a rather empirical approach towards different potential applications of lignins 
carried out in Wool ’ s laboratory, one of the systems studied consisted of mixtures 
of ESO and three types of lignins, one of which was in fact previously ethoxylated 
 [49] . The resulting dark viscous products, isolated after a heat treatment for several 
hours in the presence of a catalyst, refl ected the occurrence of some reaction 
between these two components based on renewable resources, as indicated by the 
consumption of some of the ESO epoxy moieties, but this clearly occurred in 
modest proportions, since even with the ethoxylated lignin, that is, a reagent 
bearing numerous highly available primary hydroxy groups, no crosslinked mate-
rial was formed. 

 Materials like the boards prepared at IBM refl ect one of the most viable ways to 
exploit lignins in the formulation of epoxy polymers and much would be gained 
by a more systematic study of them, including both fi ne details of the chemistry 
involved and a thorough assessment and optimization of their properties, which 
could provide a wider scope in terms of applications.  

  4.2.4 
 Cellulosics and Wood 

 One of the rare bibliographic accounts of the intervention of polysaccharides in 
the construction of epoxy polymers, together with the ENR - starch system already 
discussed  [37] , is an interesting study of the use of aminated cellulose fi bers as 
reactive fi llers for epoxy composites  [50] . The fi bers were modifi ed by a process 
involving the oxidation of some of the cellulose glycosidic rings to bis - carboxylic 
acid moieties, which were then converted into acid chloride counterparts and 
fi nally to amino - terminated grafts after their reaction with diaminopropane, thus 
introducing both COOH and NH 2  moieties pendant to the cellulose backbone, as 
in the modifi ed monomer unit   6   shown.
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 These aminated fi bers were mixed in a 10% proportion with a standard epoxy 
mixture based on bisphenol - A and epichlorhydrin and the evolution of the system 
followed at 120    ° C based on recording of the gel time. With relatively high contents 
of NH 2  moieties on the fi bers, only a few minutes elapsed before crosslinking 
occurred, indicating that the epoxy network had been generated thanks to their 
chemical intervention. 

 In a different vein, Miranda  et al.  investigated the role of  hydroxypropyl cellulose  
( HPC ) as an additive to conventional epoxy systems based on DGEBA and  diami-
nodiphenyl methane  ( DDM ), whose evolution was followed by DSC  [51] . Although 
the underlying reasons for this study are rather obscure, since no specifi c role was 
expected from HPC, the authors concluded from the kinetic evidence that it fi rst 
acted as an accelerator and then, when approaching the gel point, as a retarder. 
Neither effects, however, were explained. 

 Wood can be  “ liquefi ed ”  under the action of phenols  [52]  and a Japanese group 
introduced epoxy functions into a resorcinol - liquefi ed spruce by reacting it with 
epichlorhydrin. This novel macromonomer was mixed with DDM to prepare the 
corresponding epoxy networks which were characterized by DMA, fl exural and 
shear adhesion before using them to prepare composites with fl ax fi bers. The high 
modulus of elasticity, combined with a very good adhesive quality between the 
polymer and the cellulose fi bers led to the conclusion that this system was a 
promising addition to the realm of materials derived from renewable resources. 

 The potential of the use of polysaccharides and wood as precursors to epoxy -
 based polymers has barely been studied and obviously much remains to be 
explored.  

  4.2.5 
 Sugars 

 The topic of bifunctional sugar derivatives as monomers for step - growth reactions 
has been the subject of a recent review  [53] , which dealt thoroughly with polyesters, 
polycarbonates, polyurethanes and polyamides, but did not dwell on the much 
more modest area of epoxy polymers covered below. 
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 The synthesis of sugar - derived diepoxydes and their polymerization was fi rst 
reported in a 1962 patent  [54]  dealing with the  bis  - glycidyl ether of isosorbide   7  .

     

 Thereafter, although some attention was devoted to the synthesis of various 
saccharide - based epoxides, these compounds were used essentially as intermedi-
ates in which the oxirane moieties were then converted into other functions. 
Only in the last few years has a trickle of publications begun to appear dealing 
with their actual polymerization. Teramoto and collaborators  [55]  prepared 
the trehalose - based diepoxide   8  , which was then polymerized to a linear macro-
molecule with  N , N  ′  - dimethyl - 1,6 - diamino hexane in   N  - methyl - 2 - pyrrolidinone  
( NMP ), using  tris (4 - methoxyphenyl)phosphine as catalyst. This process was 
optimized to give polymers with  M  w / M  n  of approximately 6000/3000, whose 
structure was thoroughly characterized by FTIR and  1 H NMR spectroscopy, 
as well as MALDI - TOF mass spectrometry and clearly proved to refl ect 
the expected monomer unit   9  , without detectable irregularities arising from 
side reactions.

    

     

 These materials were entirely amorphous with a  T  g  close to 100    ° C and an initial 
degradation temperature of around 320    ° C. 
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 Sugars incorporating a higher number of epoxy groups (DS), namely epoxy -
 methallyl sorbitol (DS   =   3.4) and epoxy - methallyl maltitol (DS   =   7), were recently 
used in conjunction with stoichiometric amounts of diethylene triamine to prepare 
novel highly cross - linked networks  [56] . These polymerizations, which were 
accompanied by that of a conventional system using DGEBA instead of the sugar 
counterparts, were followed by DSC and the characterization of the fi nal materials 
included fl exural and impact tests, dynamic - mechanical properties and morpho-
logical inspection by SEM. These results were compared with those pertaining to 
the reference material and showed a lower fl exural modulus and a higher fl exural 
stiffness. As expected, the network prepared with the sugar derivative bearing 
seven epoxy moieties displayed higher  T  g  (140    ° C versus 90    ° C) and storage modulus 
(2.2    ×    10 8    Pa versus 4.0    ×    10 7    Pa) than those of the polymer prepared with the much 
less epoxidized sugar. 

 A recent patent  [57]  describes the preparation of thermoset epoxy polymers 
based on  bis  - glycidyl ethers of anhydrosugars (mostly isosorbide) and various 
curing agents, including nadic methylanhydride, aliphatic polyether triamines and 
isosorbide diamine, the latter making up a composition entirely based on renew-
able resources. Little information was provided about the structure or the proper-
ties of these networks.  

  4.2.6 
 Terpenes 

 1 - Methyl - 4 - (2 - methylkoxiranyl)oxabicyclo[4.1.0]heptane, better known as limonene 
dioxide, has been frequently employed as a test monomer for assessing the activity 
of cationic photoinitiators  [58] , but no study has been devoted to the characteriza-
tion of the ensuing materials and their possible applications.   

  4.3 
 Synthesis and Polymerization of Monomers Bearing a Single Epoxy Group 

  4.3.1 
 2 - Furyloxirane 

 Furfural (Equation  4.9 ) and 5 - hydroxymethylfurfural (Equation  4.10 ) are two 
important fi rst - generation furan derivatives, readily prepared from (poly)pentoses 
and (poly)hexoses, that is, sugars and polysaccharides bearing glycosidic units with 
fi ve and six carbon atoms, respectively  [59] .
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 The closely related realms of (i) the furan monomers derived from those two 
precursors and (ii) the peculiarities of furan chemistry, often applied together to 
prepare original macromolecular materials, have grown into a comprehensive area 
of polymer science and recent reviews provide a detailed account of the state of 
the art  [59] . The only monomers relevant to the present context are  2 - furyloxirane  
( FO ) and some of its homologues, since multifunctional furan epoxies have never 
been described in the literature. 

 The fi rst viable synthesis of FO was described some 20 years ago  [60]  and further 
optimized ten years later  [61] . It involves the reaction of furfural with trimethyl-
sulfonium iodide in a basic aqueous medium which provides a straightforward 
one - pot procedure to prepare this monomer in high yields. Equation  4.11  shows 
the general route to FO and some of its homologues.

      
 (4.11)   

 Given the well documented dienic character of the furan heterocycle  [59] , the 
behavior of FO in polymerization systems differs substantially from that of both 
aromatic and aliphatic oxiranes and some of these peculiarities are summarized 
here and reported in full in a series of publications  [62 – 65] . 

 The free radical polymerization of FO only yields oligomers in moderate yields, 
as in the case of styrene oxide  [62] , and hence it is not an interesting process. Its 
cationic polymerization proceeds smoothly with a variety of initiators, but is 
marred by a side reaction involving the electrophilic substitution by the growing 
species at the C5 position of the furan heterocycle, which generates branches and 
ultimately a polymer network  [62] . This feature is specifi cally associated with the 
dienic character of the furan ring and is common to the cationic polymerization 
of all furan monomers which do not carry a substituent at C5, like 2 - vinylfuran 
 [59] . When 5 - methyl - 2 - furyloxirane was tested to circumvent this problem, some 
alkylations at C3 and C4 occurred, although less branched macromolecules were 
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obtained. These side reactions, not encountered in the cationic polymerization of 
5 - methyl - 2 - vinyl furan, were attributed to the activation of the C3 and C4 position 
in the monomer by the presence of the epoxy group. In conclusion, FO and its 
homologues were not deemed worthy of further investigation in the context of 
cationic initiation. 

 The anionic polymerization of FO proved entirely suitable and hence a thorough 
investigation of its performance was conducted  [63] . Both Br ø nsted and Lewis 
bases were successful initiators and  t BuOK was selected for a systematic kinetic 
and mechanistic study. With bulk polymerizations at room temperatures, the DPn 
grew with the FO/ t BuOK molar ratio, but the system was not entirely living, 
because of a minor termination reaction generating resonance - stabilized carban-
ions incapable of pursuing propagation. The structural characterization of polyFO 
showed it to bear the expected regular polyether sequence   10   and to be entirely 
amorphous with a  T  g  varying from  − 52    ° C for  M  n    =   1000 to 14    ° C for  M  n    =   10   100.
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10     

 Copolymerizations with propylene oxide indicated that FO was so much more 
reactive that a mixture of homopolymers was obtained, refl ecting their sequential 
consumption. With butylene oxide, the difference in  reactivity  was less pronounced, 
as suggested by the values of the corresponding reactivity ratios, viz.  r  1     ≈    5 
(M 1    =   FO) and  r  2      ≈     0.8. 

 The most striking feature associated with FO is, however, its extreme reactivity 
toward weak nucleophiles  [64] , which do not initiate the anionic polymerization 
of any other tested oxirane. A large variety of amines and alcohols were found to 
activate FO and even small quantities of water gave rise to a slow polymerization. 
The mechanism of the latter process was examined in detail because of its unique-
ness and was rationalized in terms of a slow uncatalyzed hydrolysis of FO, followed 
by its polymerization induced by the ensuing diol, as shown in Equation  4.12 , 
where  n  reached values as high as 50.
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 The consequences of this remarkable reactivity were exploited to prepare block 
and graft copolymers using macrodiols and polymers bearing lateral OH groups 
 [64, 65] . Although all these systems responded positively, transfer reactions during 
the growth of the oligoFO chains limited the length of the blocks and grafts to 
DPs of only six or seven units. A more detailed investigation might improve this 
outcome through the optimization of the reaction conditions.  

  4.3.2 
 Other Monomers 

 There are very few studies of other monosubstituted epoxy monomers derived 
from renewable resources. The epoxidation of 10 - undecylenic acid, rather than its 
poyfunctional glyceride homologues, discussed above in the context of epoxy net-
works  [30, 31] , generates the monomer, which was polymerized by quaternary 
phosphonium or ammonium salts at high temperature to give a high molar mass 
random polyester (Equation  4.13 ) with a  T  g  of  − 8    ° C and melting temperatures 
between 90 and 100    ° C  [66] .

      
 (4.13)   

 Its mechanical properties resembled those of poly(ethylene). The presence of 
pendant OH groups gave the polymer good adhesion properties to metal surfaces. 
These interesting features were however marred by the fact that side reactions 
introduced uncontrolled branching mechanisms (see also Chapter  2 ). 

 Whereas the epoxidation of rosin  [67]  and terpenes  [68]  is well documented, the 
use of the ensuing monoepoxy derivatives as monomers for the synthesis of linear 
polyethers has, regrettably, not received any attention. Finally, limonene monoxide 
has been reported to give alternating copolymers with carbon dioxide under the 
effect of zinc acetate complexes, but the properties of these materials were not 
assessed  [69] .   



 76  4 Epoxy Polymers Based on Renewable Resources

  4.4 
 Conclusions 

 Among the numerous members of the family of polymers from renewable 
resources  [2] , that representing materials based on epoxy monomers and macrom-
onomers is undoubtedly the poor relation, with relatively little to show for itself. 
This chapter has attempted to bolster this modest state of affairs not only by cover-
ing the available information in some detail, but also by emphasizing that the fi eld 
is ripe for much more comprehensive exploitation. This is true both for the 
systems which are already well labored, but need optimization and technological 
development, and for areas which remained unexplored despite their obvious 
potential fertility.  
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 Nanostructured Epoxies by the Use of Block Copolymers  
  Sixun   Zheng        

   5.1 
 Introduction 

 Epoxy resin is a class of important thermosetting polymers, which have been 
widely used as high performance materials such as adhesives, matrices of com-
posites and electronic encapsulating materials. However, these materials are 
inherently of low impact resistance due to their high crosslinking density. During 
the past decades considerable efforts have been made to improve the toughness 
of epoxy thermosets  [1 – 27] . One of the successful routines is to incorporate poly-
meric modifi ers into the thermosetting matrix to form a fi ne phase - separated 
morphology; these polymeric modifi ers can be either elastomers  [3 – 17]  or thermo-
plastics  [18 – 25] . Generally, the modifi ed thermosets are prepared from a homog-
enous solution composed of the precursors of thermosets and the modifi ers and 
reaction - induced demixing takes place during the curing reaction. Since these 
modifi ers are linear homopolymers or random copolymers, so - called reaction -
 induced phase separation generally occurs on a macroscopic scale as the polym-
erization proceeds  [27] . The phase behavior of thermosetting blends is quite 
dependent on several competitive kinetics (and/or dynamics) such as curing reac-
tions and phase separation in the composite systems  [27] . Thermodynamically, the 
driving force for reaction - induced phase separation is the unfavorable entropic 
contribution ( Δ  S  mix ) to the mixing free energy ( Δ  mix  G ) resulting from the dramatic 
increase in molecular weight due to polymerization. Nonetheless, the miscible 
thermosetting blends can be accessed when there exist favorable inter - component 
specifi c interactions (e.g., hydrogen bonding), which afford exothermic mixing 
(i.e.,  Δ  mix H    <    0)  [28 – 30] . It has been identifi ed that fi ne heterogeneous morphology 
is crucial for the improvement of toughness in terms of several known toughening 
mechanisms such as shear shielding  [5, 31, 32] , particle bridging  [33] , crack - pin-
ning  [34]  and microcracking mechanisms  [35, 36] . 

 Over the past decades, considerable progress has been made toward understand-
ing the relationship between morphological structures and the resulting properties 
of multi - component thermosetting blends  [27] . This progress is, in part, a conse-
quence of the recognition of the importance of toughening mechanisms in rubber 
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(or thermoplastics) - modifi ed epoxy resins. Recently, it has been recognized that 
the formation of nanostructures in the multi - component thermosets can further 
optimize the interactions between the thermosetting matrix and the modifi ers and 
thus the mechanical properties of materials have been signifi cantly improved. This 
has been called  “ toughening by nanostructures ”   [37] . For instance, M ü lhaupt 
 et al.   [38, 39]  reported the modifi cation of epoxy resin with a branched  poly( ε  -
 caprolactone) -  block -  polydimethylsiloxane -  block  - poly( ε  - caprolactone) block copoly-
mer  ( PCL -  b  - PDMS -  b  - PDMS ). It was found that in the modifi ed thermosets, 
spherical PDMS particles, about 20   nm in diameter, are uniformly dispersed in 
the continuous epoxy matrix. The inclusion of a small amount of the copolymer 
(e.g., 5   wt% or more) led to a signifi cant increase in toughness of the materials 
while the strength of the materials (e.g., strength at break and Young ’ s modulus) 
was not obviously reduced. The signifi cant improvement in fracture toughness of 
epoxy thermosets has been recently reported for a variety of epoxy thermosets 
containing block copolymer and it is realized that the improvement in the mechan-
ical properties is quite dependent on the types of nanophases in the epoxy 
thermosets  [37] . 

 Block copolymers are a class of composite polymeric materials which consist of 
two or more chemically distinct subchains that are covalently bound. The complex 
structures of block copolymers lead to a variety of useful properties. During the 
past decades, block copolymers have been utilized as thermoplastic elastomers, 
foams and adhesives. Recently, considerable attention has been re - directed to this 
class of polymers for the preparation of nanostructured materials. Owing to the 
thermodynamic immiscibility of the constituent subchains, block copolymers in 
the bulk are often microphase - separated at the length scale of the polymer chains 
(typically tens of nanometers). Macroscopic phase separation is suppressed by the 
confi nement of the covalent bonds between the subchains of block copolymers. 
In the simplest case of a block copolymer comprised of A and B blocks (i.e., A - B 
diblock copolymer), the temperature - dependent Flory – Huggins parameter,   χ   AB , 
describes the segmental interaction of the A and B subchains and governs this 
process of microphase separation  [40] . In addition, the morphology of the block 
copolymer is dependent on the following structural parameters: (i) the degree of 
polymerization ( N ) and (ii) the relative composition fractions,  f  A  and  f  B , where 
 f  A    =    N  A / N  and  f  A    +    f  B    =   1  [41] . Theoretically, common periodic phases for A - B 
diblock copolymers include body centered cubic A spheres in a B matrix, hexago-
nally packed A cylinders in a B matrix, bicontinuous gyroid, and lamellae, with 
increasing  f  A . With control over the orientation and alignment of the microdo-
mains, a variety of superlattices with sizes of a few nanometers and nanoscaled 
periodicities can be accessed  [40 – 42] . The self - assembly properties of block copoly-
mers in selective solvents have found industrial applications  [43 – 47] . Block copoly-
mers undergo two basic processes in solvent media: (i) micellization and (ii) 
gelation. Micellization occurs when the block copolymer is dissolved in a large 
amount of a solvent that is selective for one of the blocks. Under this circumstance, 
the polymer chains tend to organize themselves in a variety of nanostructures from 
spherical micelles and vesicles to cylinders. The soluble block will be oriented 
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towards the continuous solvent and become the  “ corona ”  of the micelle formed, 
whereas the insoluble part will be shielded from the solvent in the  “ core ”  of the 
structure. In contrast to micellization, gelation occurs from the semi - dilute to the 
high concentration regime of block copolymer solutions and results from an 
arrangement of ordered micelles. 

 Owing to the versatile self - assembly properties of block copolymers, their use 
has been explored to obtain the nanostructured thermosets such as epoxy and 
novolac resins. The formation of nanostructures in thermosets by the use of block 
copolymers resembles to some extent the situation where block copolymers 
are self - assembled in selective solvents and/or in the bulk. In the multi - component 
thermosetting systems containing block copolymers, the precursors of thermosets 
could act as selective solvents and some self - organized nanostructures could 
be formed. The self - organized morphological structures can be fi xed by initiating 
the polymerization of the precursor of the thermosets  [48, 49] . Nonetheless, the 
self - assembly approach could not be exclusive since it has been recently identifi ed 
that the so - called reaction - induced microphase phase separation could also 
be involved in the formation of nanostructures in thermosets containing block 
copolymers, depending on the miscibility of the subchains of the block copolymers 
with thermosets after and before the curing reaction  [50, 51] . In this chapter, we 
will summarize the progress in the formation of nanostructures in epoxy thermo-
sets by the use of block copolymers and the formation mechanism of nanostruc-
tures will be discussed. Thereafter, the correlation of the morphology with the 
properties of the nanostructured epoxies is addressed on the basis of recent studies 
on this topic.  

  5.2 
 Formation Mechanisms of Nanostructures in Thermosets 

 de Gennes  [52, 53]  proposed that ordered nanostructures of thermoset can be 
formed via locking - in preformed ordered mesoscopic structures of thermosets 
precursors via polymerization (i.e., crosslinking). The concept of  in situ  formation 
of mesoscopic structures has been applied to the preparation of liquid crystalline 
epoxy resins, which have been developed to obtain materials with ordered meso-
morphic structures, which are thus endowed with improved properties  [54 – 60] . It 
is proposed that the combination of the  in situ  formation of nanostructures with 
the self - assembly behavior of block copolymers in selective solvents can be used 
to generate nanostructures in thermosetting polymers. Recently, the idea of incor-
porating amphiphilic block copolymers into thermosets has been widely accepted 
for the preparation of materials with ordered or disordered nanostructures. It has 
been identifi ed that the formation of nanostructures in thermosets by the use of 
amphiphilic block copolymers could follow self - assembly  [48, 49]  or reaction -
 induced microphase separation  [50, 51]  mechanisms, depending on the miscibility 
of the subchains of block copolymers with the thermosets after and before the 
curing reaction. 
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  5.2.1 
 Self - Assembly Approach 

 Hillmyer  et al.   [48, 49]  fi rst reported the strategy of creating nanostructures using 
amphiphilic block copolymers via a self - assembly mechanism. In the initial work, 
they investigated the formation of nanostructures in epoxy thermosets with 
 poly(ethylene oxide) -  block  - poly(ethylene -  alt  - propylene)  ( PEO -  b  - PEP ) diblock copol-
ymer.  Diglycidyl ether of bisphenol A  ( DGEBA ) was used as the epoxy monomer 
and  phthalic anhydride  ( PA ) as the curing agent. The use of the PEO -  b  - PEP diblock 
copolymer is based on the knowledge that before the curing reaction PEO is mis-
cible with epoxy  [61, 62]  but the PEP block is immiscible. Therefore, the precursors 
of the epoxy (i.e., DGEBA   +   PA) can act as a selective solvent of the PEO -  b  - PEP 
diblock copolymer and self - organized nanostructures were formed in the mixture 
of epoxy and PEO -  b  - PEP diblock copolymer before curing. It is proposed that the 
preformed nanostructures will be fi xed by initiating the polymerization of epoxy 
monomers.  Transmission electronic microscopy  ( TEM ) showed that, in the cured 
thermosets, nanostructures of hexagonally packed cylinders with diameter of the 
order of tens of nanometers were formed when the concentrations of the diblock 
copolymer were 25 and 36   wt% in epoxy. It is noted that the cylinders with the 
core – shell morphology consist of a non - polar core surrounded by a corona of PEO, 
as shown in Figure  5.1 . The formation of the nanostructures has been evidenced 
by  small - angle neutron scattering  ( SANS ). The SANS from a pure PEO -  b  - PEP 
diblock (OE - 9,  N  PEO    =   34,  N  PEP    =   50,  f   PEO    =   46%) at 75    ° C and a mixture of an OE -
 9 - BPA480/phthalic anhydride epoxy mixture containing 30   wt% OE - 9, after and 
before the curing reaction, are shown in Figure  5.2 . Before curing, the mixture 
displayed a self - organized nanostructure and a hexagonally packed cylinder mor-
phology is supported by the higher order refl ection in the SANS profi le. The 
mixture was cured at 200    ° C for 90   min. It is noted that the nanostructure spacing 
was relatively unaffected during heating (Figure  5.2 ).    

  5.2.2 
 Reaction - Induced Microphase Separation 

 The prerequisite for the self - assembly approach is that block copolymers are self -
 organized into micelle structures in the precursors of the epoxies prior to curing; 
the role of the curing reaction is to lock in the preformed morphologies although it 
was identifi ed that there were some small changes in the nanostructures after the 
curing reaction  [48, 49] . However, self - organization of amphiphilic block copoly-
mers in the precursors of thermosets does not always occur. In many circumstances 
all the subchains of block copolymers are actually miscible with the precursors of 
thermosets. The miscibility (or solubility) is ascribed to the non - negligible entropic 
contribution ( Δ  S  mix ) to the free energy of mixing ( Δ  G  mix ) in the mixtures of block 
copolymers since the precursors (or monomers) of thermosets are generally com-
pounds of low molecular weight  [63] . In addition, the presence of the self - organized 
microphases formed at lower temperatures does not guarantee the survival of these 
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structures at the elevated temperatures that are required for curing of some high 
performance thermosets, since the mixtures of polymers with precursors of ther-
mosets generally displayed  upper critical solution temperature  ( UCST ) behavior 
 [63] . Under this circumstance, it is proposed that the nanostructured thermosets can 
be alternatively prepared via the approach of reaction - induced microphase separa-
tion. Obviously, this approach is quite different from that of self - assembly. More 

PEE core

crosslinked
epoxy matrix

PEO shell

20 nm

     Figure 5.1     TEM of a cured PEO -  b  - PEE (OE - 7,  f  PEE    =   0.39)/epoxy mixture (25   wt% OE - 7). The 
sample was microtomed at room temperature and stained with RuO 4 . The inset depicts the 
idealized nanostructure  [48] .  Reproduced by permission of the American Chemical Society.   

     Figure 5.2     SANS profi les from PEO -  b  - PEE 
(OE - 9,  f  PEE    =   0.46) (open circles, 75    ° C) and a 
mixture of an OE - 9/DGEBA/PA epoxy mixture 
containing 30   wt% OE - 9: before curing (open 

squares, 75    ° C) and cured (fi lled diamonds, 
200    ° C)  [48] .  Reproduced by permission of the 
American Chemical Society.   
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(a)

(b)

(c)

     Figure 5.3     TEM micrographs of epoxy/
PCL -  b  - PB -  b  - PCL blends cured with MOCA 
containing (a) 10, (b) 20 and (c) 30   wt% of 
PCL -  b  - PB -  b  - PCL. The sections have been 

stained with OsO 4.  The scale bar equals 
100   nm  [50] .  Reproduced by permission of the 
American Chemical Society.   
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recently, Meng  et al.   [50]  investigated the formation of nanostructures in epoxy 
thermosets containing  poly( ε  - caprolactone) -  block  - polybutadiene -  block  - poly( ε  -
 caprolactone)  triblock copolymer ( PCL -  b  - PB -  b  - PCL ). Transmission electronic 
microscopy (TEM) showed that the PB microphase with spherical or worm - like 
shapes was uniformly dispersed in the continuous epoxy matrix, depending on the 
concentration of the triblock copolymer, as shown in Figure  5.3 .   

 This mechanism of nanostructure preparation is different from the self - assem-
bly proposed by Hillmyer  et al.   [48, 49] . It is known that PCL is miscible with the 
precursors of epoxy [ viz.  DGEBA   +   4,4 ′  - methylenebis (2 - chloroaniline)(MOCA)] 
after and before curing  [64, 65]  whereas the mixtures of epoxy with PB displayed 
an upper critical solution temperature (UCST). Reaction - induced phase separation 
occurs upon curing the blends of epoxy and the PB possessing identical molecular 
weight to the length of PB block in the triblock copolymer. It is plausible to propose 
that while the mixtures composed of PCL -  b  - PB -  b  - PCL and the precursors of the 
epoxy were heated to a temperature above the UCST to cure, polymerization of 
the homogenous blends will begin. Therefore, nanostructures can be created, and 
their formation in this system follows the mechanism of  reaction - induced micro-
phase separation  ( RIMS ) rather than self - assembly. This formation of nanostruc-
tures has been demonstrated by means of small angle X - ray scattering. Figure  5.4  
shows the SASX profi les of the blend containing 10   wt% of PCL -  b -  PB -  b  - PCL. At 
room temperature, the SAXS profi le displayed a peak at  q    =   0.05    Å   − 1 , corresponding 
to a long period of 11.6   nm (see curve A). This observation indicates that the 
ternary mixture of PCL -  b  - PB -  b  - PCL, DGEBA and  4,4 ′  - diaminodiphenylmethane  
( DDM ) possesses microphase - separated structure at room temperature. It was 
noted that when the mixture was heated to 80    ° C or higher, the scattering peak 
disappeared, suggesting that the microphase - separated nanostructures were 
destroyed at elevated temperature. This result is identical with the UCST phase 
behavior of DGEBA and PB blends. The fact that no refl ection peak was found for 
the blend upon heating to 150    ° C indicates that the system is homogenous at the 
beginning of the curing reaction (see curve B). With the occurrence of the curing 
reaction at 150    ° C, the microphase - separated structure reappeared, as shown by 
the presence of the well - defi ned scattering peak (see curve C). It is worth noticing 
that the long period has been increased to about 31.4   nm. The SAXS results indi-
cate that at the curing temperature the curing reaction did indeed start from the 
homogenous solutions comprised of the epoxy precursors and PCL -  b  - PB -  b  - PCL.     

  5.3 
 Morphologies of Epoxy Thermosets Modifi ed With Block Copolymers 

  5.3.1 
 Selection of Block Copolymers 

 For the formation of nanostructures in epoxy thermosets via a self - assembly 
mechanism, it is required that the diblock copolymers used are composed of one 
block that is immiscible with epoxy after and before curing and another that is 



 88  5 Nanostructured Epoxies by the Use of Block Copolymers

initially miscible with the precursors of epoxy thermosets and does not phase 
separate during the network formation, at least up to very high conversions. In 
this way the self - assembled structure can be fi xed by the crosslinking reaction. For 
the formation of nanostructures in epoxy thermosets via the mechanism of reac-
tion - induced microphase separation, a diblock copolymer with both blocks initially 
miscible in the reactive solvent is needed. Microphase separation of one block 
induced by polymerization can occur whereas the other block remains miscible in 
the reactive solvent up to high conversions, which leads to the formation of nanos-
tructures in the thermoset. 

 It is critical to know the miscibility of the homopolymers (or random copoly-
mers) with epoxy resin after and before the curing reaction in order to have control 
over the formation of nanostructures in the thermosets by the use of block copoly-
mers. Thermodynamically, the formation of a crosslinked structure is unfavorable 
for the entropic contribution ( Δ  S  mix ) to the mixing free energy in the polymer 
blends due to the infi nitely large molecular weight of the crosslinked component 
and thus phase separation would occur owing to the endothermic enthalpy of 
mixing. Indeed, most thermosetting polymer blends found to date are immiscible 
unless there exist favorable intermolecular specifi c interactions (e.g., hydrogen 

     Figure 5.4     SAXS profi les epoxy blends cured 
with MOCA containing 10   wt% PCL - PB - PCL: 
(A) the mixture of DGEBA, DDM, and 
PCL - PB - PCL at 25    ° C; (B) the mixture at the 

beginning of the cure at 150    ° C; (C) the blends 
after curing at 150    ° C for 4   h  [50] .  Reproduced 
by permission of the American Chemical 
Society.   
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bonding), which affords exothermic mixing (i.e.,  Δ  H  mix     <    0)  [27, 66, 67] . On the 
basis of the above knowledge, a variety of block architectures have been designed 
and synthesized to access nanostructures in epoxy thermosets. 

 The blocks that are immiscible with epoxy thermosets and have been employed 
to create stable nanostructures in epoxies based on diglycidyl ether of bisphenol 
A (DGEBA) cured with different hardeners include  poly(ethyl ethylene)  ( PEE ), 
 poly(ethylene -  alt  - propylene)  ( PEP )  [48, 49, 68, 69] ,  polyisoprene  ( PI )  [70, 71] , 
 poly(styrene -  b  - butadiene)  ( PSB )  [72 – 75] ,  poly(propylene oxide)  ( PPO )  [76, 77] , 
 polybutadiene  ( PB )  [50, 78] ,  polystyrene  ( PS )  [51] ,  poly(2 - ethylhexyl methacrylate)  
( PEHMA )  [68, 78] ,  polyethylene  ( PE )  [79] ,  poly(3,3,3 - trifl uroethylacrylate)  and 
( PTFEA )  [80] . In contrast to the case where a variety of homopolymers (or random 
copolymers) can be employed as the immiscible subchains of block copolymers, 
only a limited number of homopolymers (or random copolymers) have been used 
as the miscible subchains of block copolymers for control over the nanostructures 
of epoxy thermosets on the basis of the bisphenol A - type epoxy resin, such as 
 poly(ethylene oxide)  ( PEO )  [48, 49, 76, 77, 79] ,  poly(methyl methacrylate)  ( PMMA ) 
 [70 – 75]  and  poly( ε  - caprolactone)  ( PCL )  [50, 51] . More recently, Pascault  et al.   [81]  
explored the design and synthesis of new copolymers of  methyl methacrylate  
( MMA ) and   N , N  - dimethylacrylamide  ( DMA ) by controlling their appropriate inter-
molecular interactions with epoxy thermoset to fulfi ll the miscibility. It should be 
pointed out that the uses of the miscible block are quite dependent on the type of 
curing agents selected to perform the cure. In addition to the use of inert miscible 
blocks, the preparation of some block copolymers having epoxy - reactive subchains 
is being explored. The reactive blocks bear functional groups which can react with 
one or both monomers of the epoxy thermosets to prevent the occurrence of 
macroscopic phase separation. It has been reported that the block copolymers 
containing the  glycidyl methacrylate  ( GMA )  [68, 70]  moiety and epoxide groups 
from the epoxidation of double bonds in polybutadiene (or polyisoprene) subchain -
 containing block copolymers have been successfully used to prepare nanostruc-
tured epoxy thermosets  [70, 78, 82, 83] . In Table  5.1  are summarized some inert 
and reactive block copolymers which have been used to access nanostructured 
epoxy thermosets  [35, 41, 42, 48 – 51, 68 – 70, 73 – 78, 81 – 110] .    

  5.3.2 
 Nanophase Behavior of Epoxies Containing Block Copolymers 

 It is known that asymmetric amphiphiles, including surfactants and lipids, are 
capable of forming interesting micellar and vesicular structures in bulk and in 
solution  [43 – 47] . Structural similarities between block copolymers and the smaller 
class of amphiphiles suggest that asymmetric copolymers should self - assemble in 
epoxy blends into similar interesting morphologies at low concentrations and into 
ordered morphologies at higher concentrations. The use of block copolymer to 
access nanostructured thermosets presents a novel approach to the toughening of 
epoxy resins. In contrast to thermosetting polymers modifi ed by rubber or/and 
thermoplastics, the epoxy thermosets containing amphiphilic block copolymers 
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 Table 5.1     Some nanostructured epoxy systems which have been investigated. 

   Epoxyphilic block     Epoxyphobic block     Formulation     References  

  PEO    PEE, PEP    DGEBA   +   PA     [48, 49, 68, 69]   

  Epoxidized PI      Poly(1,2 - butadiene)    DGEBA+ DDM     [70]   

  P(MA -  co  - GMA)    PI    DGEBA+ DDM     [70]   

  P(MA -  co  - GMA)    PI    Novolac epoxy   +   DDM     [109]   

  P(MMA -  co  - GMA)    PEHMA    DGEBA+novolac; 
Brominated 
DGEBA   +   novolac  

   [68]   

  PEO    PB    DGEBA   +   DDM     [78]   

  Epoxidized PI    PB    DGEBA   +   DDM     [78]   

  PMMA    PEHMA    DGE BA   +   DDM     [78]   

  PEO    Poly( n  - butylene 
oxide) (PBO)  

  DGEBA   +   DDM     [84]   

  PCL    Poly(1,4 - butadiene)    DGEBA   +   MOCA     [50]   

  PEO    PS    DGEBA   +   MOCA     [35, 41, 42, 51]   

  PEO    PCL    DGEBA+DDS     [85]   

  PCL    PBA    DGEBA   +   MOCA     [86]   

  PCL    PDMS    DGEBA+MOCA     [87]   

  PCL     PS    DGEBA+MOCA     [88]   

  PMMA    PS    DGEBA+MOCA     [89]   

  PH    PDMS    DGEBA+DDM     [90]   

  PCL(in 
PDMS -  b  - PCL -  b  - PS)  

  PDMS+PS(in 
PDMS -  b  - PCL -  b  - PS)  

  DGEBA+MOCA     [91]   

  PEO    PTFEA    DGEBA+MOCA     [80]   

  PEO    PPO    DGEBA+DDM     [76, 77, 83, 94, 
98, 102, 107, 
108]   

  PEO    PE    DGEBA+DDM     [92]   

  PEO    PDMS    DGEBA+DDM     [93]   

  P4VP    PI    DGEBA+DDM     [94, 95]   

  PMMA (in 
S -  b  - B -  b  - M)  

  PS+PB (in 
S -  b  - B -  b  - M)  

  DGEBA+MCDEA     [74, 75, 96]   

  Poly(MMA -  co  - DMA)    PBA    DGEBA+DDS     [81]   
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can possess ordered and disordered nanostructures and the interactions between 
the thermosetting matrix and the modifi ers can be optimized and thus the ther-
mosets are signifi cantly toughened. Nonetheless, the improvement in fracture 
toughness is quite dependent on the control over the formation of nanostructures 
in the thermosets containing block copolymers. It is important to control the 
formation of the nanostructures in epoxy thermosets via either self - assembly or 
the reaction - induced microphase separation mechanism. During the past year, 
ample literature has appeared dealing with the formation of nanostructures in 
epoxy thermosets with a variety of block copolymer architectures. 

 Bates  et al.   [48, 49, 68, 69]  synthesized a series of nonreactive and reactive block 
copolymers containing polyalkane subchains such as poly(ethylene -  alt  - propylene) 
(PEP), poly(enthyl ethylene) (PEE), polyisoprene (PI) and polybutadiene (PB). They 
have unambiguously   demonstrated the formation mechanism of the nanostruc-
tures in epoxy thermosets via self - assembly of a block copolymer in precursors of 
epoxies, which provides a valuable technique to control the equilibrium nanophase 
structures of epoxy nanostructures by separating cure kinetic effects from the 
modifi ed epoxy morphology. The behavior of the nanophase has been investigated 
as a function of the concentration of symmetric and/or asymmetric diblock copoly-
mers in the epoxy. Phase transitions for blends containing a symmetric block 

   Epoxyphilic block     Epoxyphobic block     Formulation     References  

  PMMA(and/or 
poly(MMA -  co  - DMA)) 
(in S -  b  - B -  b  - M)  

  PS+PB(in 
S -  b  - B -  b  - M), PB  

  DGEBA+Jeffamine 
T403  

   [97]   

  Epoxidized PB (in 
S -  b  - B -  b  - S)  

  PS(in S -  b  - B -  b  - S)    DGEBA+MCDEA     [82, 83, 99, 
100, 103 – 105]   

  PEO    PE    DGEBA+MCDEA     [101]   

  PCL    PFa    DGEBA+MCDEA     [106]   

  PMMA,PMA(in 
S -  b  - B -  b  - M or 
S -  b  - B -  b  - MA)  

  PS+PB(in 
S -  b  - B -  b  - S or 
S -  b  - B -  b  - MA)  

  DGEBA+DDM(and/or 
DDS MCDEA)  

   [73]   

   PEO: poly(ethylene oxide); PEE: poly(ethyl ethylene); PEP: poly(ethylene -  alt  - propylene); DGEBA: 
diglycidyl ether of bisphenol A; PA: phthalic anhydride; 4,4 ′  - methylenedianiline (DDM); P(MA -
  co  - GMA): poly(methyl acrylate -  co  - glycidyl methacrylate); PEHMA: poly(2 - ethylhexyl methacrylate); 
PCL: poly( ε  - caprolactone); PBO: poly( n  - butylene oxide); PI: polyisoprene; PS: polystyrene; DDS: 
4,4 ′  - diami nodiphenylsulfone; MOCA: 4,4 ′  - methylenebis(2 - chloroaniline); PBA: poly(n - butyl 
acrylate); PDMS: polydimethylsiloxane; PH: poly(hydroxyether of bisphenol A); DDM: 
4,4 ′  - diaminodiphenyl methane; PTFEA: poly(2,2,2 - trifl uroethyl acrylate); PPO: poly(propyl oxide); 
PE: polyethylene; P4VP: poly(4 - vinylpyridine); MCDEA: 4,4 ′  - methylenebis(3 - chloro 2,6 - diethyl-
aniline); DMA:  N,N  - dimethyl acrylamide; PFa: poly (heptadecafl uorodecyl acrylate); MA: poly(methyl 
methacrylate -  co  - methacrylic acid).   

Table 5.1 Continued
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copolymer can be summarized as a series of order – order transitions to geometries 
of increasing curvature with increased epoxy concentration to accommodate the 
enlarged epoxy - miscible blocks/epoxy domain. 

 In symmetric PEO -  b  - PEP diblock copolymer blends, the undiluted block copoly-
mer can self - assemble into lamellae that can accommodate small amounts of 

(a) (b)

(c) (d)

     Figure 5.5     TEM images from cured samples 
containing 5   wt% of the following diblock 
copolymers: (a) OP8, (b) OP9, (c) OP7, and 
(d) OP12. All images were taken at the same 
original magnifi cation (80   000 × ), and the PEO 

corona is stained black with RuO4. The 
arrows in (d) aid in identifying the small 
(6 - nm - radius) micelles in the OP12 sample 
 [71] .  Reproduced by permission of John Wiley 
& Sons.   
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epoxy ( < 25   wt%)  [71] . With increasing concentration of PEO -  b  - PEP diblock copoly-
mer, the lamellae are then reorganized into a bicontinuous gyroid phase that is 
stable in blends with up to 40   wt% epoxy. Hexagonally packed cylinders of PEP in 
a matrix of PEO and epoxy are formed in blends containing between 40 and 60   wt% 
epoxy and thereafter the nanophase transforms into PEP spheres on a  body - 
centered cubic  ( BCC ) lattice above 60   wt% epoxy (Figure  5.5 a, Figure  5.6 a). In 
contrast, the undiluted asymmetric PEO -  b  - PEP block copolymer (Figure  5.5 b) self -
 assembles into hexagonally packed cylinders of PEO in a matrix of PEP. The 
addition of epoxy to the minority cylinder phase enlarges the cylinder radius, 
reducing its curvature. The cylinder phase transforms into a bicontinuous gyroid 
phase with PEO/epoxy channels near 10   wt% epoxy that in turn transforms into 

     Figure 5.6     Reproduction of (a) the OP5 
(  f  PEO    =   0.51,  M  n    =   2700,  M  w / M  n    =   1.10) and 
BPA348 phase diagram and (b) the OP4 and 
BPA348 phase diagram. A reverse trend in the 
phase transitions is seen in the asymmetric 
block copolymer (OP4) with respect to the 
symmetric block copolymer (OP5). Phase 

transitions originate from the swelling of PEO 
chains with epoxy and/or curing agent. Phase 
transitions are drawn as single lines, without 
the implication that there are no coexistence 
regions  [71] .  Reproduced by permission of 
John Wiley & Sons.   
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lamellae at 20   wt% epoxy (Figure  5.6 b). In blends containing the asymmetric PEO -
  b  - PEP block copolymer, order – order transitions to geometries of decreased curva-
ture occur to accommodate the increased size of the minority PEO domain  [49] . 
For block copolymer - lean blends, a variety of disordered nanophases can be 
obtained by changing the volume fraction of epoxy - miscible block and the concen-
tration of the block copolymers. It has been reported that a spherical micelles and 
vesicles nanophase can be formed in the blends containing epoxy and symmetric 
or asymmetric poly(ethylene oxide) -  block  - poly(ethylene -  alt -  propylene) (PEO -  b  - PEP) 

     Figure 5.7     TEM micrographs obtained for the DGEBA - MCDEA/50   wt% S 22   27 B 9 M 69  blend 
(a) before and (b) after reaction  [74] .  Reproduced by permission of the American Chemical 
Society.   



 5.3 Morphologies of Epoxy Thermosets Modifi ed With Block Copolymers  95

block copolymer with PEO volume fractions of 0.5 and 0.26, respectively. Spherical 
micelles contain a hydrocarbon core surrounded by an epoxy - compatible corona 
and vesicles are formed by block copolymer bilayers that encapsulate an epoxy 
core. In contrast, cylindrical ( “ wormlike ” ) micelles are composed of long, thin 
tubes of epoxy - immiscible polymer stabilized by a corona of the epoxy - miscible 
block.   

 Ritzenthaler  et al.   [74]  investigated the formation of nanostructures in epoxies 
using the  polystyrene -  block  - polybutadiene -  block  - poly(methyl methacrylate)  triblock 
copolymers ( S -  b  - B -  b  - M ), shown in Figure  5.7 . It is proposed that prior to the curing 
reaction, the self - assembly process of the ABC triblock copolymer occurred in its 
mixtures with the precursors of epoxy (i.e., DGEBA+MCDEA or DGEBA+DDS). 
It is proposed that the PB blocks aggregate into spherical domains at the interface 
between the epoxy - rich matrix and spheres formed by the PS blocks. The swelling 
of the PMMA blocks by epoxy components induces a morphological transition 
from PB helices around PS cylinders, the morphology of the neat triblock copoly-
mer, to PB spheres on PS spheres. The preformed structures of PS and PB blocks 
are not affected by the reaction. The fi nal structure is composed of undiluted PS 
and PB blocks, forming a  “ spheres on spheres ”  morphology, most of the PMMA 
chain remaining embedded in the epoxy networks. A schematic representation of 
the triblock organization before and after reaction has been given by the authors, 
as in Figure  5.8   [74] .   

 The blends of epoxy with  poly(ethylene oxide) -  block  - poly(propylene oxide) -  block  -
 poly(ethylene oxide)  triblock copolymers ( PEO -  b  - PPO -  b  - PEO ) are among the most 
investigated systems of the nanostructured epoxy thermosets  [76, 77, 82, 94, 98, 
102, 107, 108] . Mijovic  et al.   [76]  studied the modifi cation of an epoxy resin with 
PEO -  b  - PPO -  b  - PEO block copolymer by dielectric relaxation spectroscopy, differen-
tial scanning calorimetry and atomic force microscopy. They observed macro-
scopic separation under the curing conditions that they used. However, Guo  et al.  

Network

Undiluted PS blocks

PB blocks

Local expulsion of the PMMA
units at the interface with the
PB blocks

Before reaction After reaction

     Figure 5.8     Schematic description of the evolution of the triblock organization in the 
DGEBA – MCDEA thermoset system before and after reaction  [74] .  Reproduced by permission 
of the American Chemical Society.   
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 [77]  obtained the nanostructured blends with the same composition, even though 
the triblock copolymer used had high molecular weight. This discrepancy seems 
to be related to the different curing conditions used as well as to the inner char-
acteristics of the block copolymer. The morphological difference has been inter-
preted by Mondragon  et al.  by taking into account competition between 
thermodynamic and kinetic factors  [83, 94, 98, 102, 107, 108] . It is proposed that 
the high curing temperature will infl uence the thermodynamics of thermosetting 
blends whereas, at low temperature, the kinetic factor is dominant. In addition to 
curing conditions, the physical characteristics of the block copolymer itself are also 
important in order to obtain nanostructured thermosets. It is recognized that the 
PEO block is mainly responsible for the physical interactions with aromatic amine -
 crosslinked epoxies. The analysis of the curing kinetics shows that the systems 
modifi ed with copolymers with different block molar ratio present a different 
delay. It has been proven that the delaying of cure kinetics is mainly due to the 
physical interactions. The experimental results show that the delay of cure rate 
increased with increasing content of the block copolymer and PEO molar ratio in 
the block copolymer. For the volume ratios of PEO to PPO block, microphase -  
separated thermosets were obtained in all cases. 

 Serrano  et al.   [82, 83, 100, 103, 105]  reported the formation of ordered nanos-
tructures in epoxy thermosets containing epoxidized star - like polystyrene -  block  -
 polybutadiene block copolymer. It was found that the copolymer self - assembled 
into a well - defi ned hexagonal ordered nanostructure, as shown in Figure  5.9   [100] . 
This work is to establish the use of the commodity materials as a structure -
 directing agent to generate nanostructured thermosetting materials. The study 
confi rms pathways towards tailoring interactions between thermosetting matrices 
and immiscible block copolymers by using the concept of functionalization to 
build nanostructured polymer matrices.   

 Meng  et al.   [50, 51]  demonstrated that the disordered and ordered nanostruc-
tures in epoxy thermosets can be alternatively prepared via a so - called reaction -
 induced microphase separation mechanism. It is found that at the beginning 
of the curing reaction, the mixtures composed of DGEBA,  4,4 ′  - methylenebis 
(2 - chloroaniline)  ( MOCA ) and PCL -  b  - PB -  b  - PCL triblock copolymer are homoge-
nous and no self - organized nanophases can be detected. Nanostructured epoxy 
thermosets were obtained, in which PB blocks were microphase - separated out, 
forming the spherical particle and worm - like nanoobjects with increasing concen-
tration of the triblock copolymer, as shown in Figure  5.3   [50] . Following a similar 
mechanism, ordered nanostructures with body (or face) - centered cubic, lamellar 
(or cylindrical) lattices were formed in the thermosetting blends containing PEO -
  b  - PS, PCL -  b  - PBA diblock copolymers, as shown in Figure  5.10   [51] . It has been 
shown that the nanostructures in epoxy thermosets can be signifi cantly affected 
by the topological and sequential structures of the block copolymers  [88] . More 
recently, Fan  et al.   [91]  reported that the various nanophases such as core – shell, 
giant circles and lamellar nanoobjects can be accessed in epoxy thermosets con-
taining  polydimethylsiloxane -  block -  poly( ε  - caprolactone) -  block  - polystyrene  ABC tri-
block copolymer ( PDMS -  b  - PCL -  b  - PS ). In the ABC triblock, the epoxy - miscible 
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     Figure 5.9     Tapping mode AFM phase 
(I) and TEM (II) images for DGEBA/MCDEA 
blends containing 30   wt% of (b) SepB40, 
(c) SepB61, and (d) SepB76 copolymers. For 

TEM observations, the samples have been 
stained with OsO 4  for 4   min  [101] .  Reproduced 
by permission of the American Chemical 
Society.   

subchain ( viz.  PCL) is a midblock, which is in contrast to the case reported by 
Ritzenthaler  et al.   [74] . In Figure  5.11  are shown the AFM micrographs of the 
thermosets containing 10, 20, 30 and 40   wt% PDMS -  b  - PCL -  b  - PS triblock copoly-
mer. It is noted that the morphology of the nanostructured composites is quite 
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dependent on the concentration of the ABC triblock copolymer. For the thermosets 
containing 10 and 20   wt% PDMS -  b  - PCL -  b  - PS triblock copolymer, the spherical 
particles were dispersed in a continuous matrix (Figure  5.11 a,b). The size of the 
spherical nanodomains ranged from 50 to 100   nm, depending on the content of 
PDMS -  b  - PCL -  b  - PS triblock copolymer. In terms of the volume fraction of the 
subchains of the block copolymer and the difference in viscoelastic properties 
between the epoxy matrix and the subchains of triblock copolymer, the dispersed 
nanodomains are assignable to the immiscible components (i.e., PDMS and PS) 
whereas the continuous matrix is assignable to the epoxy, which is miscible with 
the PCL subchain. It is noted that the dispersed nanodomains are not homogenous 

(a)

(b)

     Figure 5.10     AFM images of epoxy thermosets containing (a) 40   wt% PEO -  b  - PS  [51]  and 
(b) PCL -  b  - PBA  [86]  diblock copolymers. Left: topography; right: phase contrast images. 
 Reproduced by permission of the American Chemical Society.   
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     Figure 5.11     AFM images of epoxy 
thermosets containing PDMS -  b  - PCL -  b  - PS ABC 
triblock copolymer. Left: height image; Right: 
phase image. (A) 10, (B) 20, (C) 30, and 

(D) 40   wt% of PDMS - b - PCL - b - PS triblock 
copolymer  [91] .  Reproduced by permission of 
the American Chemical Society.   
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and display a  “ core – shell ”  structure. In the center of each nanodomain, the  “ core ”  
is discernible. The  “ core ”  could be ascribed to the PDMS subchain whereas the 
 “ shell ”  could be attributed to the PS subchain. When the content of PDMS -  b  - PCL -
  b  - PS triblock copolymer is 30   wt% or more, the thermosets displayed quite differ-
ent morphological structures (Figure  5.11 c,d). It is of interest to note that for the 
thermosets containing 30   wt% PDMS -  b  - PCL -  b  - PS, the thermoset shows large -
 scaled circled and lamellar structures and all the features are concentric - circled 
(Figure  5.11 c). The size of each circle is about 20   nm in thickness. It is plausible 
to propose that the dark domains are responsible for the immiscible subchains 
(i.e., PDMS and PS) whereas the shallow region is ascribed to epoxy matrix that 
is miscible with PCL subchains according to the volume fraction of the triblock 
copolymer. On increasing the content of PDMS -  b  - PCL -  b  - PS triblock copolymer, 
the concentric - circled lamellar morphology was transformed into the large - scaled 
lamellar (and implicitly the cylindrical) nanostructures (Figure  5.11 d). It has been 
proposed that the reaction - induced microphase separation of PS blocks occurred 
in the presence of the self - organized nanophases of PDMS due to the different 
miscibility of PDMS, PCL and PS blocks with epoxy after and before the curing 
reaction.    

  5.3.3 
 Demixing Behavior of Epoxy - Miscible Blocks Induced by Curing Reaction 

 By means of time - resolved  small angle X - ray scattering  ( SAXS ), Bates  et al.   [49]  
investigated the evolution of the nanostructures in the thermosetting blends of 
epoxy with PEO -  b  - PEP as the curing reaction proceeded. They found that order –
 order phase transitions occur for some compositions during the curing reaction. In 
Figure  5.12  is shown the trace of the curing process using SAXS for the epoxy blend 
containing 69   wt% of PEO -  b  - PEP diblock copolymer. It is seen that a transition 
occurred from a gyroid to a lamellar structure as the reaction proceeded. The 
increase in principal  d  - spacing was observed with increasing molecular weights of 
epoxy precursor or as the curing reaction proceeded. It is proposed that the PEO 
blocks that are initially miscible with epoxy are expelled from the epoxy matrix resin 
during the curing reaction. This expulsion leads to a  “ drying ”  or deswelling of the 
PEO block, leading to a subsequent reduction in interfacial curvature of PEP nano-
domains, as described in Figure  5.13 . This observation has been interpreted as a 
transition from equilibrium morphology to a chemically pinned metastable state as 
the cross - linking reaction progresses through the gel point. Ritzenthaler  et al.   [74]  
reported that a deswelling of the PMMA blocks also occurred during the epoxy –
 amine reaction in the thermosetting blends of epoxy thermosets containing S -  b  - B -
  b  - M ABC triblock copolymer. It is proposed that the pure PMMA phase is most 
likely located at the vicinity of the interface with the PB microdomains, as evidenced 
by  dynamic mechanical thermal analysis  ( DMTA ). This local expulsion of PMMA 
segments results from the reduction in entropy associated with the epoxy reaction: 
initially, the swelling of the PMMA brush is driven by the gain in conformational 
entropy brought to the PMMA chains by the low molar mass epoxy precursors. 
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     Figure 5.12      In situ  SAXS data obtained 
during cure from an OP5/BPA348/DDM 
mixture containing 69   wt% OP5. The SAXS 
patterns were collected while the sample was 
held at 100    ° C for 10   h. Extinction of the (220) 

refl ection and growth of the (002) refl ection 
indicates a transition from the G to the L 
phase at about 5   h of cure  [49] .  Reproduced by 
permission of the American Chemical Society.   

     Figure 5.13     (a) Illustration of swelling -
 induced change in the interfacial curvature for 
OP5/BPA348 blends. PEO blocks extend from 
the neat PEO/PEP interface as a  “ dry brush ” . 
Epoxy selectively swells the PEO brush, 
creating a  “ wet brush ”  and the PEO/PEP 
interface curves to accommodate this change 
within the constraint of constant density while 
minimizing PEP and PEO chain distortions. 
Swelling of the PEO block drives changes 
from a lamellar morphology to G, C, and S. 

(b) Illustration of PEO block expulsion as the 
epoxy matrix cross - links and its molecular 
weight diverges. The system initially has a 
curved interface due to selective swelling of 
the PEO blocks by the epoxy. As the epoxy 
cures, the PEO blocks are expelled, 
transforming the  “ wet brush ”  to a  “ dry 
brush ” , thereby reducing the interfacial 
curvature  [49] .  Reproduced by permission of 
the American Chemical Society.   

While the epoxy network builds up, this gain disappears, the brush recovers its 
non - swollen state,  “ the brush dries out ” . It is therefore most likely, that the PMMA 
segments which are left pure after the expulsion of the epoxy network are those 
located at the vicinity of the interface with the PB microdomains.     
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  5.4 
 Thermomechanical Properties of Nanostructured Thermosets 

  5.4.1 
 Glass Transition Temperatures 

 Epoxy thermosets are generally used as materials for electronic encapsulation and 
the matrix of composites. It is important to keep appropriate glass transition tem-
peratures ( T g  s) for the epoxy matrix for the application of this class of polymeric 
materials. In the traditional modifi cation of epoxy thermosets using liquid rubber 
( viz.  the component with lower  T  g ), it is generally necessary to toughen the epoxy 
resin without sacrifi cing the thermal stability of the epoxy thermosets (i.e.,  T  g s). 
In fact, the  T  g s of epoxy thermosets would be infl uenced by the miscibility of the 
modifi ers with the epoxy and the degree of phase separation induced polymeriza-
tion. Compared to epoxy blends modifi ed with homopolymers or random copoly-
mer ( viz.  elastomers or thermoplastics), the glass transition temperatures of 
nanostructured epoxy thermosets containing block copolymers could be affected 
by the miscibility of subchains of block copolymers with the thermosetting matrix 
and the morphology of the composite systems. In block copolymer - modifi ed epoxy 
thermosets, there could be the following entities: (i) epoxy - immiscible nanodo-
mains, (ii) demixed epoxy - miscible blocks around the epoxy - immiscible nanodo-
mains, (iii) epoxy matrix miscible with the subchains of block copolymers. The 
 T  g s of the epoxy matrix are readily measured by means of  differential scanning 
calorimetry  ( DSC ) and dynamic mechanical analysis (DMA). The epoxy matrix 
could exhibit either enhanced or depressed  T  g s, depending on the miscibility,  T  g s 
and reactivity of the subchains of block copolymers with epoxy thermosets. 

 Demixing of partial epoxy - miscible blocks from the thermosetting matrix could 
occur in the formation of nanostructures in epoxy thermosets owing to the occur-
rence of the curing reaction. This effect can be evidenced by investigating the glass 
transition behavior of the nanostructured thermosets. Meng  et al.   [88]  reported 
that in the thermosetting blends of epoxy with  poly( ε  - caprolactone) -  block  -
 polystyrene  block copolymer ( PCL -  b  - PS ), it is noted that at the same content of 
PCL chains, the  T  g s of the nanostructured thermosets are signifi cantly higher than 
those of the binary thermosetting blends of epoxy and the model PCL at the same 
compositions. It is proposed that in the binary thermosetting blends, the PCL 
chains are homogeneously dispersed in the epoxy matrix and are well interpene-
trated into the crosslinked epoxy networks via the formation of the intermolecular 
hydrogen bonding interactions. In contrast, the PCL chains have to be enriched 
at the surface of the microphase - separated PS nanodomains due to the presence 
of chemical bonds between PS and PCL subchains in the composites. Due to steric 
hindrance, the PCL chains at the intimate surface of PS nanodomains could not 
be well mixed with the epoxy matrix and thus less PCL chains were interpenetrated 
with the epoxy matrix in the nanocomposites, that is, the plasticization of PCL 
chains on the epoxy matrix would be effectively weakened, which causes the 
increased  T  g s of the epoxy matrix. Similar results were also found in nanostruc-
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tured epoxy blends containing PDMS -  b  - PCL -  b  - PS triblock copolymer  [91] . It should 
be pointed out that Ritzenthaler  et al.   [74]  unambiguously detected the demixed 
PMMA chains in the nanostructured epoxy thermosets containing SBM triblock 
copolymer by means of dynamic mechanical analysis (DMA). 

 Dean  et al.   [68]  reported that the phenol novolac - cured blends of partially bro-
minated epoxy with PEO -  b  - PEP and reactive block copolymers showed enhanced 
 T  g s compared to the control epoxy thermoset. Spherical and wormlike micelles 
were formed in the blends. It was suggested that the presence of PEO may enhance 
the cross - linking in some way, hence reducing polymer segment mobility and 
increasing  T  g . Wu  et al.   [84]  observed similar behavior when they studied PEO -  b  -
 PBO diblock copolymers in DGEBA - phenol novolac. The glass transition was 
again seen to rise after modifi cation, with the greatest increase for the wormlike 
morphology. They speculated that the increase in  T  g  may be due to localized con-
centration fl uctuations of epoxy and hardener when blended with diblock, leading 
to a modifi ed network structure. Thio  et al.  also reported the behavior of 
 poly(ethylene oxide) -  block  - poly(hexylene oxide)  ( PEO -  b  - PHO ) diblock copolymers 
in phenol novolac cured DGEBA  [110] . The above explanation suffers from several 
shortcomings since there is no reason to believe that local composition fl uctua-
tions would lead to an increase in the crosslink density. Nor can this argument 
account for the morphology dependence of this effect. Notwithstanding these 
uncertainties, the increase in  T  g  is an important phenomenon, which requires 
additional investigation.  

  5.4.2 
 Fracture Toughness of Nanostructured Thermosets 

 Improvement in the toughness of epoxy thermosets with liquid rubbers and/or 
thermoplastics has been extensively investigated during the past decades  [1 – 26] . It 
is recognized that a combination of cavitation around the rubber particles with 
shear yielding in the matrix plays a major role in providing a mechanism for energy 
dissipation  [5, 31, 33 – 36] . In addition, microvoiding and tearing of the rubber par-
ticles may also occur. Compared to the traditional modifi cation by means of liquid 
rubber, the improvement in toughness of the epoxy thermosets via the formation 
of the nanostructures could display the following features: (i) the elastomeric com-
ponent ( viz.  butadiene -  co  - acrylonitrile rubber) was homogenously dispersed in the 
thermosetting matrix at the nanometer scale, which will greatly optimize the inter-
actions between the thermosetting matrix and the modifi er; (ii) the interface inter-
actions between the thermosetting matrix and the modifi ers are signifi cantly 
increased due to the presence of epoxy - miscible blocks. Therefore, the improve-
ment in toughness for the nanostructured blends is much higher than that of the 
thermosetting blends with macroscopic phase - separated morphology. In addition, 
the effect of the nanostructures on the improvement in toughness is refl ected by 
the smaller loading of the modifi er with respect to traditional blends. Rebizant 
 et al.   [73]  have investigated the mechanical properties of the different epoxy net-
works alone and blended with polystyrene -  block  - polybutadiene -  block  - poly - [(methyl 
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meth acrylate) -  stat  - ( tert  - butyl methacrylate)] [S -  b  - B -  b  - (MT)] and its derivative of 
hydrolysis [S -  b  - B -  b  - (MA)]. The inclusion of 10   wt% block copolymers led to 1.8 -  to 
2.6 - fold improvements in critical stress fi eld intensity factors ( K  1C ), whatever the 
nature of the hardener and the curing process, depending on the reactivity of the 
epoxy - miscible blocks and the types of curing agents. Gong  et al.   [90]  obtained a 
2.0 - fold increase in  K  1C  when poly(hydroxyether of bisphenol A) -  alt  - polydiemthyl-
siloxane alternating block copolymer was used as the modifi er. 

 Bates  et al.   [71, 78]  proposed that the toughening mechanisms are quite depend-
ent on the type and shape of the dispersed nanophases and can be either be the 
debonding of vesicles (or micelles) from the epoxy matrix or crack defl ection and 
frictional interlocking for the thermosets possessing terraced morphology. The 
energy - dissipation mechanisms could be greatly related to the specifi c nanostruc-
tures of the block copolymers - modifi ed epoxy thermosets. Nonetheless, the cor-
relations between toughening mechanisms and nanostructures of thermosets 
containing block copolymers remain largely unexplored vis -  à  - vis those for elastom-
ers (and/or thermoplastic) - modifi ed thermosets. 

 Thio  et al.   [110]  reported the modifi cation of epoxy thermosets with reactive and 
nonreactive block copolymer via the formation of spherical micelle and vesicle 
nanostructures. The compact - tension experiments were performed to determine 
the critical plane - strain energy release rate for fracture. It is noted that the forma-
tion of vesicles was most effective in improving the epoxy fracture resistance. A 
6 - fold improvement in fracture toughness was reported, depending on the archi-
tectures, the reactivity of the block copolymers and the types of nanostructures 
(e.g., micelle, wormlike and vesicle). The improvement has been attributed to 
debonding of the vesicles followed by localized matrix deformation, crack defl ec-
tion, and possibly crack - wake ligamentary bridging by the large vesicles. The 
authors further found that the fracture resistance scales with the ratio of the inter-
particle distance to the average vesicle (or spherical micelle) diameter ( D  i / D  p ) and 
increases as this quantity is reduced. Greater adhesion between the vesicle and 
epoxy resin improves the fracture resistance only at higher values of  D  i / D  p , at 
which the materials are more brittle. 

 More recently, Sue  et al.   [111, 112]  investigated the effect of the crosslink density 
of the epoxy matrix, the strain rate on the toughening of nanostructured epoxy 
thermosets containing PEP -  b  - PEO diblock copolymer. In the study of the toughen-
ing mechanism  [69] , it was found that the 15   nm size block copolymer micelles 
could cavitate to induce matrix shear banding, which mainly accounted for the 
observed remarkable toughening effect. Other mechanisms such as crack tip 
blunting, may also give improvement in the toughness.   

  5.5 
 Conclusions 

 The control over morphology of multi - component epoxy thermosets is important 
for improvement of the properties of the materials. It is recognized that the forma-
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tion of nanostructures in thermosets can further optimize the inter - component 
interactions and thus the properties of materials. The concept of incorporating 
amphiphilic block copolymers into thermosets has been widely accepted in the 
preparation of epoxy resins with ordered or disordered nanostructures. The forma-
tion of nanostructures in epoxy thermosets can be carried out via either self -
 assembly or reaction - induced microphase separation. The nanophase behavior of 
block copolymers in thermosetting polymer blends is dependent not only on the 
thermodynamics of block copolymer in epoxies after and before the curing reac-
tion but also on the competitive kinetics between reaction - induced microphase 
separation and the curing reaction. The morphology of the thermosets containing 
block copolymers can be well controlled in terms of the above factors. The forma-
tion of nanostructures in epoxy thermosets has a profound impact on the thermal, 
mechanical, optical and processing properties of the materials (see Chapters  7  
and  15 ).  
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 Self - Assembly of Epoxy - Based Polymers  
  Cristina E.   Hoppe   and   Roberto J.J.   Williams        

   6.1 
 Introduction 

 Amphiphilic polymers have proved to be very versatile precursors for the synthesis 
of nanostructured systems by self - assembly. Dendrimers, polysoaps and block 
copolymers have been used successfully to obtain micelles, nanostructured fi lms 
and mesophases with different levels of organization  [1 – 3] . Hydrophobic interac-
tions are important in the formation of many kinds of organized polymer aggre-
gates and gels. We can fi nd good examples of the role of van der Waals interactions 
between long alkyl chains in the self - assembly of metal nanoparticles  [4] , metal 
thiolates  [5] , and organic – inorganic hybrid materials  [6, 7] . 

 The way in which alkyl chains are usually associated can be illustrated by the 
self - assembly and polycondensation of alkylsilanetriols, C  n  H 2   n   +1 Si(OH) 3   [7, 8] . 
Figure  6.1  shows the crystalline - layered structure formed by these materials. The 
most characteristic feature is the tail - to - tail association of alkyl chains between 
siloxane layers. The X - ray spectra of the material with  n    =   18 shows a main peak 
at an angle corresponding to a characteristic distance of 5.3   nm  [7] , equal to the 
length of two extended (all - trans) octadecyl chains. Higher - order refl ections up 
to the 12th order were recorded, that are characteristic of the lamellar order 
obtained by the tail - to - tail association of alkyl chains. At a higher angle, a broad 
peak with a maximum at a characteristic distance of 0.42   nm was also observed. 
This distance is close to the lateral interchain distance of closely packed alkyl 
chains (for the orthorhombic cell of polyethylene, the shortest interchain distance 
is 0.445   nm).   

 The tail - to - tail association between alkyl chains and the high packing density of 
the generated hydrophobic domains seem to be a general characteristic of their 
self - assembly. However, all - trans conformations of alkyl chains are not always 
obtained. Depending on the particular system and processing conditions, trans -
 gauche conformations and interdigitation of alkyl chains can be observed. This 
produces a reduction of the characteristic distance of tail - to - tail associations 
(Figure  6.2 ). For example, under specifi c conditions gold nanoparticles coated with 
alkanethiol chains become self - assembled as colloidal crystals. In this case, the 
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edge - to - edge distance of neighboring gold cores is generally much less (usually 
about half) than expected for a bilayer of fully extended alkyl chains  [9] . This gives 
a high chain packing density close to that of the crystalline alkane phase  [9, 10] .   

 In this chapter we will examine how this characteristic trend of alkyl chains to 
self - assemble through tail - to - tail associations can be used to synthesize nanostruc-
tured epoxy materials. This can be achieved by a proper combination of epoxy 
monomers with long alkyl chain co - monomers. Both linear and crosslinked nanos-
tructured polymers may be synthesized using appropriate chemistries. 

 In Section  6.2  the synthesis, characterization and properties of linear polymers 
obtained by the polycondensation reaction of  diglycidylether of bisphenol A  
( DGEBA ) with an alkylamine (typically dodecylamine), are described. The result-
ing products exhibit characteristic properties of thermoplastic epoxies including 
their high solubility in a variety of solvents. However, when stored above their 
glass transition temperature they undergo a nanostructuration process by the self -
 assembly of alkyl chains, leading to a physical gel that is insoluble in most solvents. 
The sol – gel transition is reversible with temperature. The physical properties of 
the obtained networks depend on the length of the alkyl chain. 

 In Section  6.3  nanostructured networks obtained using amphiphilic monomers 
are described. Amphiphilic epoxies obtained by reaction of DGEBA with 
alkylamines or with fatty acids can be used as modifi ers of epoxy networks. A 
variety of chemistries may be employed for this purpose. For example, addition of 

     Figure 6.1     Self - assembly of alkylsilanetriols into multilayered siloxane - based hybrids 
( Reprinted with permission from  [7] ; copyright 2006 The Japan Chemical Journal Forum and 
Wiley Periodicals, Inc. ).  

     Figure 6.2     Tail - to - tail associations of alkyl chains 
with all - trans conformations (a), trans - gauche 
conformations (b), and interdigitated structure 
(c) ( Reprinted with permission from  [7] ; copyright 
2006 The Japan Chemical Journal Forum and Wiley 
Periodicals, Inc. ).  
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a DGEBA excess to the product of the reaction between DGEBA and the 
monoalkylamine may be followed by a homopolymerization reaction to produce 
a nanostructured network. In a different approach, the alkylamine can be reacted 
with a monofunctional epoxy monomer bearing a multifunctional group in its 
structure capable of polymerizing in a second step.  Glycidoxypropyl(trimethoxy)
silane  ( GPMS ) is a convenient epoxy monomer for these purposes. After end -
 capping the alkylamine with GPMS and carrying out the sol – gel polycondensation 
of the resulting precursor, a nanostructured hybrid material is obtained by the 
self - assembly of alkyl chains. 

 In Section  6.4  possible applications of these new materials are analyzed. Linear 
nanostructured epoxies may be processed as thermoplastic polymers forming a 
physical crosslinked structure after storage at a convenient temperature. Precur-
sors of both linear and crosslinked nanostructured epoxies can be used as hosts 
of nanoparticles coated by hydrophobic ligands (for example, alkylthiol chains). 
The phase separation occurring during polymerization can give place to a set of 
new materials with hierarchical organization levels.  

  6.2 
 Linear Nanostructured Epoxies 

 As discussed in Chapter  2 , monoamines react cleanly with diepoxy monomers to 
yield linear, soluble poly - (hydroxyaminoethers)  [11, 12] . These polymers exhibit an 
attractive combination of barrier, optical, adhesive and mechanical properties that 
make them very interesting for advanced applications. Synthesis usually requires 
high purity of the reactants in near equimolar ratios but, within these constraints, 
the reaction is very versatile, even tolerating weakly nucleophilic substituents on 
the starting monomers without crosslinking  [11] . 

 By proper selection of the amine, amphiphilic thermoplastic polymers can also 
be obtained through the combination of the hydrophilicity given by secondary 
hydroxy groups and the hydrophobic character from the pendant chain. This is 
the case for the reaction between an alkylamine like  dodecylamine  ( DA ) and 
DGEBA  [13] . The reaction is carried out by simply mixing stoichiometric amounts 
of DGEBA and DA followed by heating at 100    ° C in an oven. After 40   min, a high 
conversion level ( ≥ 0.95) is reached whereas complete conversion can be attained 
after about 2.5   h. The product obtained after 3   h reaction is transparent, fl exible 
and very sticky at room temperature ( T  g    =   10    ° C). It is completely soluble in dif-
ferent solvents such as:  tetrahydrofuran  ( THF ), acetone,  dimethylformamide  
( DMF ), toluene, dichloromethane and chloroform. A combined characterization 
employing MALDI - TOF mass spectrometry and SEC relative to polystyrene 
standards, revealed the presence of a distribution containing short cyclic species 
and characterized by number and mass - average molar masses equal to: 
 M  n    =   16   800   g   mol  − 1  and  M  w    =   42   000   g   mol  − 1   [13] . These results are consistent with 
the formation of a linear amphiphilic polymer with a schematic structure shown 
in Figure  6.3 a. However, after prolonged storage (about one month) at room 
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temperature the polymer synthesized during 3   h at 100    ° C became insoluble in 
most solvents. A signifi cant swelling was observed in these frustrated solubility 
tests. For example, when the polymer was brought into contact with THF it 
absorbed more than fi ve times its weight. This revealed that during the prolonged 
storage at room temperature a gel was formed. A similar phenomenon was 
observed after heating for 14   h at 100    ° C. Again a gel was formed characterized by 
a  T  g  close to 24    ° C.   

 The problem now is to establish the reasons for this gelation. Two main causes 
may be invoked. First, it may be proposed that covalent bonds may be slowly 
formed by chemical reaction between residual epoxy groups, present in a very low 
concentration, and secondary hydroxy groups present in a high concentration. 
This would lead to the irreversible gelation of the amphiphilic polymer. A second 
possibility is the nanostructuration of the polymer by the self - assembly of dodecyl 
chains. This would lead to phase separation of hydrophobic domains dispersed in 
the polymer that act as physical crosslinks (Figure  6.3 b). In this way the self -
 assembly of alkyl chains would lead to the formation of a physical gel, a process 
that is in principle reversible if an adequate way to disaggregate the hydrophobic 
domains can be found. 

 In order to elucidate whether a chemical or a physical gel was formed, specifi c 
solvents of polyethylene were tried. It was indeed found that the gel could be dis-
solved in  p  - xylene at 135    ° C, after prolonged heating  [13] . This proved that a physi-
cal gel was formed by the self - assembly of dodecyl chains, a process that occurred 
much more slowly than the polymerization reaction. Self - assembled domains were 
disaggregated by the action of  p  - xylene at 135    ° C. 

 The formation of the physical gel could be directly followed by rheometry at 
100    ° C. Figure  6.4  shows the evolution of the dynamic shear storage modulus ( G  ′ ) 
during heating at 100    ° C. The fi rst increase in the storage modulus can be associ-

     Figure 6.3     (a) Schematic structure of the amphiphilic linear polymer; (b) scheme of the 
physical gel formed by tail - to - tail association of alkyl chains.  
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ated with the polymerization reaction that takes place at a fast rate during this 
period. When the epoxy conversion gets close to 0.95, a second process producing 
a fast increase in the storage modulus is observed. This second process corre-
sponds to the crosslinking produced by the self - association of dodecyl chains. At 
about 10.6   h  G  ′  surpassed  G  ″ , implying that physical gelation had occurred (the 
gel point is better defi ned by the condition that tan  δ     =    G  ″ / G  ′  becomes independent 
of frequency  [14] ).   

 Figure  6.5  shows the evolution of  G  ′  and  G  ″  during the heating of the physical 
gel. The sharp decrease in the storage modulus at 30    ° C corresponds to the glass –
 rubber transition. At about 150    ° C a crossover between  G  ′  and  G  ″  is observed 
implying that the gel is again transformed into a liquid. Therefore, hydrophobic 
domains can be either disaggregated by heating to 150    ° C or by using  p  - xylene at 
135    ° C.   

  Small - angle X - ray scattering  ( SAXS ) provides information about the character-
istic size of hydrophobic domains present in the physical gel (Figure  6.6 ). A broad 
scattering peak with a maximum at  q    =   0.265    Å   − 1  was observed. This corresponds 
to a characteristic length  d   =    2 π / q    =   2.4   nm that lies in the range of values reported 
for tail - to - tail associations of dodecyl chains. This characteristic distance may vary 
between about 1.6   nm when both dodecyl chains are fully interdigitated to about 
3.2   nm for a tail - to - tail association of extended (all - trans) dodecyl chains  [7, 9, 15] . 
This means that dodecyl chains are not fully extended and/or that they are partially 
interdigitated. The broadness of the scattering peak suggests that no regular order 
is present in the aggregates of dodecyl chains. Moreover,  DSC  ( differential scan-
ning calorimetry ) showed no evidence of crystallinity in the amphiphilic gel.   

0 2 4 6 8 10 12 14
1E-3

0.01

0.1

1

10

100

1000

10000

100000
S

to
ra

g
e 

m
o

d
u

lu
s,

 G
' (

P
a)

,
L

o
ss

 M
o

d
u

lu
s,

 G
'' 

(P
a)

G'
 G''

Time (hours)

     Figure 6.4     Evolution of the storage (G ′ ) and loss modulus (G ″ ) during the prolonged 
heating of the DGEBA - DA formulation at 100    ° C ( Reprinted with permission from  [13] ; 
copyright 2008 American Chemical Society ).  
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     Figure 6.6     SAXS spectrum of a DGEBA - DA sample heated for 14   h at 100    ° C and recorded at 
room temperature ( Reprinted with permission from  [13] ; copyright 2008 American Chemical 
Society ).  
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     Figure 6.5     Evolution of the storage ( G  ′ ) and 
loss modulus ( G  ″ ) during a thermal scan at 
1    ° C   min  − 1  of a sample previously heated for 
14   h at 100    ° C, stored for 2 days at room 

temperature, and cooled to  − 20    ° C ( Reprinted 
with permission from  [13] ; copyright 2008 
American Chemical Society ).  

 The particular behavior of the DGEBA - DA formulation can also be observed 
when DA is replaced by other alkylamines. A set of different properties (glass 
transition temperatures, swelling behavior, etc.) may be obtained, depending 
on the nature of the alkylamine. In general, the swelling degree increases and 
the glass transition temperature decreases on increasing the size of the 
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alkylamine. A set of amphiphilic physical gels with tailored properties may 
thus be obtained.  

  6.3 
 Crosslinked Nanostructured Epoxies 

  6.3.1 
 Modifi cation of an Epoxy Network with a Linear Amphiphilic Epoxy Polymer 

 Amphiphilic epoxy polymers obtained by reaction of DGEBA with alkylamines 
(described in Section  6.2 ), can be used as modifi ers of chemically crosslinked 
epoxy networks. For this purpose, a desired amount of the linear polymer in the 
liquid state is dissolved in the selected epoxy formulation. In the initial non - reacted 
blend, a variety of self - assembled structures might be formed, depending on the 
nature of the epoxy monomer, the amount of linear polymer and temperature. In 
a typical epoxy formulation, the linear polymer should be present as micelles, 
vesicles or other kind of aggregates by the self - association of alkyl chains. The 
presence of amine or epoxy chain ends in the amphiphilic polymer should make 
possible its covalent bonding to the epoxy network during polymerization. 

 The linear amphiphilic epoxy polymer can be dissolved in DGEBA and the 
solvent can be polymerized using a variety of chemistries. When a typical poly-
etherdiamine is used, a polymerization - induced phase separation is observed 
leading to the segregation of hydrophobic domains from the epoxy network. 
However, no macroscopic phase separation is found when the network is pro-
duced by the homopolymerization of DGEBA initiated by  benzyldimethylamine  
( BDMA ). Therefore, different structures and properties may be generated by 
selecting different chemistries to generate the epoxy network. 

 Solutions of the linear amphiphilic monomer in DGEBA may be used as host –
 guest systems for hydrophobic components such as alkyl - coated  nanoparticle s 
( NP s). As an example, a blend of the DGEBA/DA linear polymer in DGEBA was 
used to disperse either dodecylamine -  or dodecanethiol - stabilized gold nanoparti-
cles dissolved in THF. After solvent evaporation optically homogenous, strongly 
colored systems were obtained with no evidence of NP aggregation. In contrast, 
in blends devoid of the amphiphilic polymer NPs settled to the bottom of the vial 
as a consequence of aggregation. Possibly, the pendant alkyl chains of the 
amphiphilic polymer play a role in the encapsulation of alkyl - coated NPs, making 
possible their good dispersion in the reactive solvent. 

 Subsequent polymerization of the reactive solvent leads to the formation of a 
network. When BDMA was used to initiate the homopolymerization of DGEBA, 
gold NPs were trapped as a homogeneous dispersion in the crosslinked epoxy 
matrix. The absence of aggregates of gold NPs was proved by the constancy of the 
plasmon band in the optical absorption spectrum. However, the use of a stoichio-
metric amount of a polyetherdiamine led to a macroscopic phase separation 
induced by polymerization  [16] .  
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  6.3.2 
 Amphiphilic Epoxy Networks Based on the Epoxy – Fatty Acid Chemistry 

 The versatility of the epoxy chemistry can be exploited to generate amphiphilic 
networks using nucleophilic monomers other than amines. Fatty acids and long 
chain alkylthiols are potential candidates to generate networks bearing alkyl chains 
that could undergo self - assembly processes under suitable conditions. Moreover, 
the presence of functional groups in the alkyl chain could enrich even more the 
fi nal properties of the obtained materials. 

 As an example of the epoxy – fatty acid chemistry,  palmitic acid  ( PA ) was reacted 
with DGEBA in the presence of BDMA to give products whose properties were 
controlled by the molar ratio of  epoxy  ( E ) to carboxyl groups (E/PA)  [17] . In the 
presence of tertiary amines and in formulations containing an epoxy excess, trans-
esterifi cation of the  β  - hydroxy ester formed through the epoxy – acid addition is very 
signifi cant as well as the homopolymerization of the epoxy excess. Homopolym-
erization leads to branched structures and, at a critical epoxy excess, gelation is 
attained at complete conversion of epoxy groups. Increasing further the epoxy 
amount leads to crosslinked epoxy networks. Reaction products synthesized in the 
range of 1    <    E/PA    <    2 were solids at room temperature due to the crystallization 
of a fraction of fatty acid chains joined to the skeleton of the branched structures. 
Above the melting temperature the product behaved like a liquid; below the 
melting temperature a physical gel was formed with crosslinks introduced by the 
micrometer - size fatty ester crystals. These systems showed interesting properties 
as hot - melt adhesives which are liquids at the application temperature and solidify 
at room temperature  [17] . 

 For E/PA    >    3 amphiphilic epoxy networks were obtained. Glass transition tem-
peratures decreased from about 90    ° C for the neat epoxy to 0    ° C for the formulation 
with E/PA   =   3. Although some degree of nanostructuration can be expected in 
these materials, no crystalline structures were observed  [17] . 

 A similar system in which palmitic acid was replaced by  oleic acid  ( OA ) was 
successfully used to disperse oleic acid - coated magnetite nanoparticles (Fe 3 O 4 @
OA) in the epoxy network. The glass transition temperature of the resulting 
network could be varied with the amount of OA used in the initial formulation 
(Figure  6.7 ). Therefore, amphiphilic epoxies based on fatty acids can be formulated 
to disperse alkyl chain - stabilized nanoparticles in epoxy matrices exhibiting a 
broad range of glass transition temperatures.    

  6.3.3 
 Precursors Based on Monofunctional Epoxies 

 A variety of monomers bearing two kinds of functional groups may be used to 
synthesize a nanostructured network by reaction with an alkylamine. Selecting a 
particular monomer with one terminal epoxy group enables one to carry out its 
reaction with the alkylamine in a fi rst step, followed by polymerization of the 
remaining functional group during a second step to generate a crosslinked struc-
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ture. One example illustrating this possibility is based on the reaction of glycidox
ypropyl(trimethoxysilane) (GPMS) with dodecylamine (DA), forming the precur-
sor shown in Figure  6.8   [15] .   
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     Figure 6.7     Glass transition temperature of epoxy networks as a function of the OA/E molar 
ratio in the initial formulation for samples with (solid circles) and without (open circles) 
0.4   wt% of Fe 3 O 4 @OA NPs.  

     Figure 6.8     Structure of the precursor formed by reaction of GPMS with dodecylamine.  
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 The reaction can be carried out in the bulk at 70    ° C, employing a molar ratio 
DA/GPMS   =   2. After about 48   h the reaction reaches almost complete conversion 
 [15] . The reaction product has the structure shown in Figure  6.8  but also includes 
a series of oligomers derived from the condensation of Si – (OCH 3 ) with C – OH 
groups. However, in the course of the sol – gel polycondensation these oligomers 
are hydrolyzed, regenerating the precursor with Si – (OCH 3 ) groups transformed 
into Si – OH groups. The polycondensation of silanol groups generates a crosslinked 
structure (bridged silsesquioxane). 

 The sol – gel polycondensation can be carried out in the bulk or in solution by 
the addition of water and an acid or base catalyst. The nanostructuration produced 
by the self - assembly of dodecyl chains gives a characteristic peak in small - angle 
X - ray scattering spectra (SAXS). As an example, Figure  6.9  shows the SAXS 
spectra of the crosslinked polymer obtained in the bulk, THF and isopropanol, 
using an aqueous solution of formic acid as catalyst  [15] .   

 In SAXS spectra the intensity is plotted as a function of the magnitude of the 
scattering vector  q    =   (4 π /  λ  )sin  θ  , where   λ   is the wavelength of the X - ray (Cu - K α  in 
the case of the illustration, and 2  θ   is the scattering angle). Because of the higher 
electronic densities of inorganic domains with respect to organic ones, the peak 
present in SAXS spectra can be assigned to a characteristic distance separating 
inorganic domains. For  q  max    =   1.86   nm  − 1 , a characteristic distance 2 π / q  max    =   3.4   nm 
results. This corresponds to the length of two extended (all - trans) dodecyl chains. 
Hydrophobic domains of almost the same characteristic size were generated both 
in solution and in the bulk (in the former case the materials were characterized 
after solvent evaporation).   
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     Figure 6.9     SAXS spectra of the nanostructured crosslinked polymer synthesized in bulk, 
THF, and isopropanol.  (Reprinted with permission from  [15] ; copyright 2007 American 
Chemical Society).   
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  6.4 
 Possible Applications of Nanostructured Epoxies 

 The fi rst direct application of linear epoxy polymers bearing pendant alkyl chains 
can be related to their capacity to form a physical gel that can be destroyed and 
re - generated at a specifi c temperature  T  gel . For  T     >     T  gel  the material can be proc-
essed as a thermoplastic polymer; for  T     <     T  gel  the polymer forms a physically 
crosslinked network by the self - assembly of alkyl chains. The polymer can be 
reheated again above  T  gel  for recycling or in order to remove cracks and other 
defects. An important characteristic is that physical crosslinks made by the self -
 assembly of alkyl chains are very resistant to solvents. They could only be disinte-
grated using similar conditions to those used to dissolve polyethylene (prolonged 
heating in  p  - xylene at 135    ° C). The high swelling capacity of these gels can also be 
interesting for the development of a variety of applications. 

 Applications of these amphiphilic epoxy polymers would also require matching 
properties and processing parameters with those fi xed for the particular product. 
In particular, the glass transition temperature ( T  g ) and the processing temperature 
range ( T     >     T  gel ) can be important. For the linear polymer synthesized with stoi-
chiometric amounts of DGEBA and DA, the resulting values were  T  g    =   24    ° C and 
 T  gel    =   150    ° C. These values might be modifi ed by varying the chemical structure 
of the epoxy monomer, the length of the alkyl chain, using mixtures of different 
epoxies and monoamines, and changing the stoichiometric ratio. A set of 
amphiphilic epoxies with a broad range of properties may be generated. 

 A second type of application of linear amphiphilic epoxies can be explored based 
on their nanostructuration in solution. In a particular solvent they should behave 
as block copolymers, forming micelles or vesicles with the moiety affi ne with the 

     Figure 6.10     SEM image of the surface of the linear amphiplilic epoxy polymer based on 
DGEBA/DA, modifi ed with gold NPs.  
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solvent present at the external surface. For example, in a polar solvent the hydro-
phobic domains formed by the self - assembly of alkyl chains will be present at the 
core while the polymer backbone bearing hydroxy and tertiary amine groups will 
form the shell of the dispersed structure. These micelles (vesicles) might be used 
as hosts of hydrophobic molecules in polar solvents or hydrophilic molecules in 
non - polar solvents, for different purposes. 

 Precursors of both linear and crosslinked amphiphilic epoxies can be used 
as hosts of nanoparticles coated with hydrophobic ligands (alkyl chains). Depend-
ing on the selected formulation the fi nal material can be a homogeneous 
dispersion of the NPs in the crosslinked epoxy or a heterogeneous material 
produced by phase separation induced by polymerization. An example of this 
last possibility is given by an initial formulation consisting of a homogeneous 
dispersion of dodecanethiol - stabilized gold NPs in stoichiometric amounts of 
DGEBA and DA. During the polycondensation of DGEBA and DA at 100    ° C, 
a controlled coalescence and phase separation of gold NPs took place leading 
to colloidal crystals with a hexagonal close - packed array that formed fractal 
structures at the air/polymer interface (Figure  6.10 ). Percolation of these fractal 
structures may provide antistatic properties to coatings based on the amphiphilic 
linear epoxy.    

  References   
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 Polymer Dispersed Liquid Crystal, Thermotropic and 
Other Responsive Epoxy Polymers  
  Agnieszka   Tercjak   and   I ñ aki   Mondragon        

   7.1 
 Epoxy - Based Polymer Dispersed Liquid Crystal 

 Epoxy polymers are of great interest since epoxy - based materials guarantee excel-
lent adhesion, chemical and heat resistance, good - to - excellent mechanical proper-
ties and very good electrical insulating properties. Additionally, the chemistry of 
epoxies and the range of commercially available variations allow cured epoxy poly-
mers to be produced with a very broad range of properties such as: high thermal 
insulation or thermal conductivity combined with high electrical resistance for 
electronic applications, optical transparency and thermal stability. 

 Generally, epoxy polymer materials often result from a  polymerization - induced 
phase separation  ( PIPS ) process: fi rst, monomer(s) or oligomer(s) are mixed with 
an additive to form a homogenous solution (the additive can be a low molar mass 
compound or a polymeric molecule, reactive or not reactive with the monomers); 
and second, as the monomers are polymerized the additive phase separates, 
mainly because of the decrease in the entropy of mixing of the system. However, 
epoxy - based materials can also be prepared by  solvent - induced phase separation  
( SIPS ) and/or  thermal - induced phase separation  ( TIPS ). 

 The use of  polymer dispersed liquid crystal s ( PDLC ) as optoelectronic displays 
has its origin in the years 1935 – 40 and is based on the idea of dispersing micro-
metric and birefringent particles in the polymeric matrix in order to disperse the 
light selectively. De Gennes  [1]  fi rst had the idea that liquid crystal polymer gels 
could form composite materials and exhibit interesting electro - optical properties. 
PDLC containing micron - size  liquid crystal  ( LC ) droplets in a polymer matrix, or 
 polymer network liquid crystal s ( PNLC ) containing a dispersed polymer network 
in a LC, are promising new materials for application in the fi eld of thermo -  and 
electro - optical devices, such as optic shutters, smart windows, optical sensors, 
memories and fl exible display devices  [2 – 6] . In the case of PDLC or/and PNLC, 
addition of a low molar mass LC to a polymeric optically transparent matrix 
results in an electro -  and thermo - sensitive material, in which a macro -  or micro -
 separated LC phase, usually a few microns ( ∼ 5    μ m or less), can switch from a 
highly light scattering state (OFF - state) to a transparent state (ON - state) due to 
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the mismatching of the refractive indices of the polymeric matrix and the oriented 
LC  [7 – 11] , as a consequence of its birefringence features, by applying an external 
fi eld (electrical voltage or thermal gradient). This behavior is related to the ani-
sotropic optical and dielectric properties of nematic liquid crystals and depends 
strongly on appropriate combinations of liquid crystals and polymer materials. 
PDLC or PNLC fi lms have considerable potential for large area liquid crystal 
display devices and light control applications. As shown in Figure  7.1 , in the fi eld 
OFF - state, surface anchoring causes a non - uniform director fi eld within the drop-
lets, and the fi lm scatters light due to the mismatch between the effective refractive 
index  n  eff  of the liquid crystal and the refractive index  n  p  of the polymer  [12] . In 
the fi eld ON - state, the director fi eld is aligned along the fi eld direction ( n  eff    =    n  o ) 
and for normal light incidence, the fi lm becomes transparent if the ordinary 
refractive index  n  o  of the liquid crystal is equal to  n  p   [13] . The threshold voltage 
 V  th  and the response times   τ   R  and   τ   D  (rise and decay time) at which the PDLC 
or PNLC switches from whiteness to transparency and the optical contrast between 
the white and transparent state are controlled by the size, shape, and anchoring 
energy of the liquid crystal domains, as well as the dielectric anisotropy and 
viscosity of the LC. Additionally, the contrast ratio, switching voltage, switching 
speed, and hysteresis are mainly determined by the generated morphologies and 
composition variations of both phases. LC domains with sizes much smaller than 
the wavelength of visible light do not scatter light effi ciently, while domain sizes 
much larger than the wavelength of visible light lead to a poor contrast ratio. 
Consequently, it is desirable to generate LC domains with a uniform characteristic 
size in the wavelength range of visible light.    

     Figure 7.1     Illustration of PDLC devices in the scattering (a) and transparent (b) states 
( reprinted with permission from  [7] ; copyright 1992 SPIE and IS & T ).  
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  7.2 
 Polymer Dispersed Liquid Crystal Prepared by  PIPS  

 The main drawback which prevents the potential application of the PNLC is the 
high solubility of the LC in the polymer matrix that depends strongly on the tem-
perature and leads to low activation energy for the variation of optical transmission 
with an applied external fi eld. This leads to relatively poor levels of performance 
in terms of switching speed and operating voltage and hysteresis effects owing to 
the non - confi nement of the LC separated phase on the matrix. 

 As was fi rst reported by Hoppe  et al.   [14] , in the case of thermosetting systems, 
one way to eliminate these drawbacks is to add a small amount of a thermoplastic 
polymer to a solution of the liquid crystal in the thermoset precursor. In this case, 
in order to obtain thermo - responsive fi lms, the thermoplastic polymers must have 
a refractive index matching that of the fully cured thermoset, which consequently 
leads to optically transparent systems. One of the most suitable thermoplastic/
thermoset systems for optical application is that consisting of  polystyrene  ( PS ) and 
an epoxy network  [15, 16] . Transparent multiphase systems were generated by 
reaction - induced phase separation of polystyrene in  diglycidyl ether of bisphenol 
A  ( DGEBA ) cured with a tertiary amine hardener,  benzyldimethylamine  ( BDMA ) 
(0.06   mol BDMA per mol of epoxy groups)  [15]  or with a stoichiometric aromatic 
amine hardener,  4,4( - methylene bis(3 - chloro - 2,6 - diethylaniline)  ( MCDEA )  [16] . 
Here it should be pointed out that even if, at room temperature, the refractive 
indices of polystyrene,  n  ps    =   1.590 – 1.592 and the DGEBA/BDMA solution 
 n  E (0)   =   1.566 are slightly different, the refractive index of the epoxy network 
increases during the polymerization, attaining a value of  n  E ( ∞ )   =   1.586 at complete 
conversion. Thus, the continuous increase in the refractive index of the epoxy - rich 
phase with conversion produces an approximate matching of both refractive 
indices, leading to transparent materials at complete conversion  [15] , even if a 
sharp decrease in the light transmittance is observed at the cloud - point. In the 
case of the DGEBA/MCDEA solution the refractive indices from the beginning of 
the reaction were so similar to the refractive indices of polystyrene that the cloud -
 point for these systems was not detected  [16] . 

 On the other hand, the simplest way of preparing PDLC fi lms based on ther-
mosetting systems is their generation by polymerization - induced phase separation 
(PIPS) of a liquid crystal/epoxy solution  [17] . As was pointed out in Section  7.1 , 
PDLC with LC domain sizes much smaller than the wavelength of visible light 
do not scatter light effi ciently while domain sizes much larger than the wave-
length of visible light lead to a poor contrast ratio. Consequently, it can be noted 
that the effi ciency of the designed PDLC can be increased if the LC domains 
exhibit a uniform characteristic size in the range of the wavelength of visible 
light. Taking this into account, the most suitable systems seem to be those with 
co - continuous morphologies generated by liquid – liquid spinodal demixing in the 
course of the polymerization process. Hoppe  et al.   [17]  verifi ed the possibility of 
generation of stable co - continuous structures in PDLC systems based on ther-
mosetting systems modifi ed with a 50   wt% solution of a low molar mass liquid 
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crystal,   N  - 4 - ethoxybenzylidene - 4 ′  - n - butylaniline  ( EBBA ), which is stable from 
about 36    ° C ( T  m , melting temperature) to about 77    ° C ( T  NI , nematic – isotropic tran-
sition temperature). This value of EBBA was very close to the critical composition 
predicted by the Flory – Huggins equation before the start of polymerization. 

 Here it should be pointed out that the idea of employing LC to generate PDLC 
by polymerization - induced phase separation is interesting not only from the point 
of view of the generation of a stable, co - continuous morphology (Figure  7.2 ), but 
also because the preparation conditions can hinder the crystallization process of 
LC in systems after network formation. The last is especially important since 
crystallization of the LC prevents its use in a PDLC operating at room temperature. 
One successful way to avoid crystallization is to employ a super - cooling process 
(very fast cooling to a temperature much lower than the glass transition tempera-
ture,  T g  , of the used LC). However, the effi ciency of this method depends on the 
degree of crystallization, the crystallization temperature, the glass transition tem-
perature and others. Additionally, the super - cooling process in PDLC based on 
thermoplastic systems prevents crystallization initially but it cannot be avoided at 
longer times. On the other hand, the thermoset precursors usually used to gener-
ate PDLC by PIPS are mixtures of UV - curable multifunctional monomers, includ-
ing a photoinitiator. The advantage of these systems is that they permit one to 
select independently the curing temperature and the rate of polymerization. 
However, in this case, the phase separation process in the course of the fast 
polymerization cannot be deeply studied since it requires the use of relatively 
sophisticated experimental techniques. Taking the above into account, the route 
to obtain PDLC with a uniform characteristic size of LC domains starting with a 

     Figure 7.2     Transmission optical micrographs 
taken at 40    ° C without polarizers, showing 
co - continuous morphologies generated in the 
fully reacted material containing 50   wt% 

EBBA: after leaching EBBA with 2 - propanol. 
 (Reprinted with permission from  [17] ; 
copyright 2002 American Chemical Society).   
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composition close to the critical one and selecting conditions to produce liquid –
 liquid demixing prior to gelation during PIPS appears as a remarkable alternative. 
Co - continuous morphology, revealed by  transmission optical microscopy  ( TOM ), 
(Figure  7.2 ) is formed during PIPS through network formation. The conversion 
of epoxy groups followed by  near - infrared spectroscopy  ( NIR ) demonstrates that 
the phase separation takes place at very low conversion (equal to 0.28)  [17] . The 
fi nal structure of the system is arrested by a gelation process which takes place at 
a conversion of 0.35. Taking into account the high fraction of LC used to generate 
a PDLC, the reaction rate undergoes instantaneous acceleration at the beginning 
of the phase separation, due to the rapid increase in the concentration of the 
reactants when the LC solvent is phase separated. This effect, similar to that for 
thermoplastic - modifi ed thermosets, allows detection of the beginning of phase 
separation in PDLC formed by PIPS. This is especially important taking into 
account that in UV - curable PDLC systems phase separation of LC takes place very 
rapidly and cannot be followed by common techniques. Moreover, the residual 
fraction of LC in the polymer network can be conveniently estimated using the 
change in the absorbance of a LC characteristic peak between the isotropic and 
nematic states. Methods based on the extrapolation of experimental measure-
ments made on samples containing different LC concentrations should be applied 
with caution due to the variation of network topology with dilution (fraction of 
intramolecular cycles, crosslink density, etc.). The most important characteristic 
of these systems is that the co - continuous structures remain unmodifi ed after the 
storage of PDLC for several months  [17] .   

 Taking into account the success in the preparation of optically transparent ther-
mosets modifi ed with PS  [15, 16]  and the experience in the preparation of PDLC 
thermoset - based systems modifi ed by low molar mass liquid crystal, Hoppe  et al.  
 [14]  proposed a novel strategy to design the PDLC systems mentioned above. In 
this case, the obtained materials consisted of a dispersion of liquid crystal/ther-
moplastic droplets in an epoxy network partially swollen by liquid crystals. The 
thermoplastic polymer must have a refractive index matching that of the fully 
cured thermoset, and should exhibit a high compatibility with the liquid crystal 
and a low compatibility with the thermoset precursors. Additionally, as in the case 
of PDLC based on thermosetting systems modifi ed only with low molar mass LC, 
phase separation of thermoplastic/liquid crystal solutions takes place at low con-
versions during the network formation process. The proposed strategy allows one 
to obtain materials with potential application since a dispersion of liquid crystal/
thermoplastic droplets of adequate size for the scattering of visible light can be 
created at low thermoplastic concentrations, because the growth and coalescence 
processes are favorable at these phase separation conversions. Moreover, the fi nal 
morphology of these PDLC is stable at room temperature and shows reproducible 
thermo - optical curves during cooling/heating cycles. In order to design these 
materials, 1 – 5   wt% PS was added to an EBBA/epoxy mixture containing 20 – 50   wt% 
EBBA. The introduction of a small amount of PS to a DGEBA/EBBA mixture 
resulted in changes in the fi nal morphologies generated in the course of the 
polymerization - induced phase separation. The epoxy network modifi ed only with 
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EBBA showed co - continuous structures (Figure  7.2 ). On the contrary, as shown 
in Figure  7.3 , addition of 1   wt% PS changed the fi nal morphology into a dispersion 
of droplets of a PS/EBBA blend in a continuous epoxy matrix partially swollen by 
EBBA. Moreover, adjusting the initial composition allowed control of the average 
size and composition of the droplets. A high concentration of EBBA in the sepa-
rated PS/EBBA phase converted droplets into very effective light scattering centers, 
leading to a high contrast ratio between the opaque and transparent states, an 
effect generated in a narrow temperature range. Taking into account that the 
generated morphologies were not sensitive to temperature variations and the 
optical properties were not affected by consecutive cooling/heating cycles, these 
materials can be effi ciently used as  thermally reversible light scattering  ( TRLS ) 
fi lms. Moreover, addition of 1   wt% PS to 50   wt% EBBA - (DGEBA/BDMA) resulted 
in a dramatic change in the thermo - optical response of the resulting PDLC fi lms, 
related to the corresponding change in morphologies developed during the course 
of the polymerization - induced phase separation process (see Figure  7.4 ). The pres-
ence of PS led to an increase in the characteristic size of the domains present in 
the multiphase system that produced a higher contrast ratio between the transpar-
ent and opaque states during the isotropic – nematic transition. Consequently, the 
confi nement of the isotropic – nematic transition to the interior of the droplets 
containing PS led to repeatable behavior in heating/cooling thermal cycles 
(lack of hysteresis). Here it should be pointed out that the fi lm thickness had a 
strong infl uence on the hysteresis during switching from transparent to opaque 
states (ON/OFF). Figure  7.5  shows the variation of optical transmittance with 

     Figure 7.3     Transmission optical micrographs obtained at room temperature for fi lms 
containing 1   wt% PS - 50   wt% EBBA ( Reprinted with permission from  [14] ; copyright 2004 
American Chemical Society ).  
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     Figure 7.4     Fraction of visible light 
transmitted by TRLS fi lms during cooling and 
heating cycles: (a) fi lm of 1295    μ m thickness 
synthesized from a formulation containing 
50   wt% EBBA and no PS; (b) fi lm of 270    μ m 

thickness synthesized from a formulation 
containing 50   wt% EBBA and 1   wt% PS. 
 (Reprinted with permission from  [14] ; 
copyright 2004 American Chemical Society).   

     Figure 7.5     Dependence of the optical 
transmittance on fi lm thickness for PDLC 
fi lms containing 1   wt% PS. Squares: crystalline 
state at room temperature, triangles: nematic 

state at room temperature, circles: isotropic 
state.  (Reprinted with permission from  [11] ; 
copyright 2004 Elsevier).   
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fi lm thickness for PDLC fi lms containing 1   wt% PS. The jump in transmittance 
at the isotropic – nematic transition increased signifi cantly with thickness in 
the 50 – 500    μ m range. At larger thicknesses, the isotropic – nematic transition 
produced a jump from a transparent to an opaque state in the PDLC fi lm, with 
a 10 times contrast ratio. Finally, PDLC fi lms with a thickness greater than 
500    μ m exhibited a sharp jump in optical transmittance at the isotropic – nematic 
transition temperature, switching from transparent to opaque states with a 
high contrast ratio between these ON/OFF states. This characteristic confi rmed 
that these PDLC materials might be employed as temperature sensors, as thermo -
 reversible recording materials or as active elements in thermal memory optical 
devices.   

 Following this strategy, Zucchi  et al.   [18, 19]  and Tercjak  et al.   [20]  have devel-
oped and characterized other systems with interesting optical properties. 

 Tercjak  et al.   [20]  prepared PDLC systems applying PIPS to a solution of 
 4` - (hexyloxy) - 4 - biphenyl - carbonitrile  ( HOBC ) (as a low molar mass nematic liquid 
crystal with isotropic – nematic transition at around 70    ° C) and PS in DGEBA. 
The systems were cured with a stoichiometric amount of an aromatic amine 
hardener, MCDEA. Designed in this way, the materials show strong infl uence 
of both the generated morphology and the curing conditions on the thermo -
 optical properties. The introduction of a third component led to a narrow size 
distribution of nematic droplets and stabilized the system against coalescence of 
the LC droplets, which resulted in the generation of materials for electro - optical 
devices. Thus, in fully cured mixtures, the addition of a small amount of PS 
hindered the crystallization of the HOBC and the isotropic – nematic transition 
of the HOBC in PS – HOBC - (DGEBA/MCDEA) mixtures took place only inside 
the PS - rich phase domains, which were formed by reaction - induced phase sepa-
ration of PS from the epoxy matrix. The strong infl uence of the curing conditions 
on the thermal response of the PS – HOBC - (DGEBA/MCDEA) system can be 
easily observed by following the thermo - optical curves shown in Figure  7.6 . 
Increasing the curing rate led to a decrease in the switching temperature at 
which the generated PDLC materials pass from the opaque scattering state to 
the transparent state. Additionally, pre - curing for 24   h at 80    ° C led to sharper 
switching in the fully cured mixture, thus stabilizing the system against coales-
cence and resulting in smaller droplet size of the HOBC. Moreover, it is worth 
noting that the thermosetting system modifi ed only with nematic HOBC did not 
show sharp changes between opaque and transparent states (see Figure  7.6 ), 
which allowed the conclusion that the introduction of a third component to a 
thermosetting system might make it useful for optoelectronic applications.   

 Other interesting systems with thermo - responsive properties have been 
designed using epoxy systems modifi ed with low molar mass amphiphilic 
 poly(ethylene - b - ethylene oxide) block copolymers  ( PE -  b  - PEO )  [21] . In the modifi ed 
DGEBA/MCDEA, the PE - block was microphase separated from the epoxy matrix 
forming micelles that had a strong infl uence on the thermo - optical properties of 
these materials. Taking into account the thermo - optical properties of thermoset-
ting systems modifi ed with PE -  b  - PEO, one can conclude that the PEO - block did 
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not affect the cooling/heating procedure during switching from the opaque to the 
transparent state, and vice versa, neither in the system PE -  b  - PEO/DGEBA annealed 
for longer than 24   h nor in the fully cured PE -  b  - PEO - (DGEBA/MCDEA) system, 
a fact that confi rmed that the PEO - block in these systems is miscible with epoxy 
and only the PE - block infl uences the switching of the fi nal materials from the 
transparent to the opaque state. It was also shown that materials with longer 
annealing time had a shorter range of transition from the opaque to the transpar-
ent state  [21] .  

  7.3 
 Block Copolymers Used as a Polymer Dispersing Agent for Liquid Crystal 

 As pointed out in Section  7.2 , PDLC have been extensively studied as promising 
candidate new materials for application in the fi eld of thermo -  and electro - optical 
devices. The ability to pattern LC droplets at the nanometer - scale is not needed 
for conventional display applications but it may fi nd application in phase array 
optics, for example, as switchable birefringent phase shifters  [22 – 24] . Taking this 
into account and following the strategy proposed by Hoppe  et al.   [17] , Tercjak 
 et al.   [20]  have successfully developed a confi nement strategy at the nanoscale 
using block copolymers instead of a thermoplastic polymer. In this case, the 
addition of the block copolymers to the liquid crystal/thermosetting systems 

     Figure 7.6     Thermo - optical curves in 
isotropization region of 2   wt% PS, 40   wt% 
HOBC - (DGEBA/MCDEA) blends after 
different curing conditions at cross - polarizers: 
(a) 24   h at 80    ° C, (b) 24   h at 80    ° C and 24   h at 

160    ° C. (c) 36   h at 160    ° C (d) 40   wt% 
HOBC - (DGEBA/MCDEA) cured 24   h at 80    ° C 
and 24   h at 160    ° C.  (Reprinted with permission 
from  [20] ; copyright 2006 John Wiley & Sons).   
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opened up a new strategy for the preparation of thermo - responsive meso/nanos-
tructured thermosetting materials. In this strategy the amphiphilic block copoly-
mer, containing one epoxy - miscible block and one immiscible block, works as a 
self - assembly agent (see Chapter  5  for more details) and simultaneously acts as 
a polymer for the dispersion of liquid crystals. Additionally, the epoxy - immiscible 
block must show a higher miscibility with the low molar mass liquid crystal than 
with the epoxy matrix. The proposed strategy was the development by modifi ca-
tion of an epoxy monomer with 5   wt% of an amphiphilic poly(styrene - b - ethylene 
oxide) block copolymer (PS -  b  - PEO) and 30   wt% of a low molar mass liquid crystal, 
 4 ′  - (hexyl) 4 - biphenylcarbonitrile  -  ( HBC ), with the isotropic – nematic transition at 
34    ° C. As shown in Figure  7.7 a, the introduction of an amphiphilic block copoly-
mer as a third component allowed one to obtain a narrow nanometer size dis-
tribution of nematic droplets and also to stabilize the system against coalescence 
of the LC droplets. The designed materials showed Schlieren texture, which 

(a)

(b)

     Figure 7.7     (a) TM - AFM phase image 
(5    μ m – 5    μ m) for DGEBA/MXDA cured blends 
containing 5   wt% PS -  b  - PEO and 30   wt% HBC. 
(b) Transparency of the blend at room 

temperature and around  − 10    ° C.  (Reprinted 
with permission from  [25] ; copyright 2007 
Wiley-VCH Verlag GmbH & Co. KGaA).   
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clearly proved that the thermosetting blend contained micro - mesodomains of 
HBC of relatively high molecular orientation, which were of suffi cient size to 
refract plane - polarized light. This ability of thermosetting materials modifi ed with 
5   wt% PS -  b  - PEO and 30   wt% HBC resulted in thermally switchable materials, 
which were completely transparent in the ON state (Figure  7.7 b) and milky white 
in the OFF state at around  − 10    ° C (Figure  7.7 b). Finally, it should be pointed out 
that the results clearly show that the introduction of amphiphilic PS -  b  - PEO block 
copolymers into thermosetting/LC materials is an effective method for the prepa-
ration of novel multifunctional thermally reversible nanostructured materials 
based on thermosetting matrices. This gives the possibility for their use in many 
different applications, such as switchable birefringent phase shifters or nanos-
tructured functional surfaces, for example, for building nanostructured inorganic/
organic materials.   

 Taking into account the promising results obtained based on this strategy, a 
systematic study was performed using two low molar mass nematic HBC and 
HOBC liquid crystals  [25 – 30] . The chemical structures and properties of these 
liquid crystals are shown in Table  7.1 . PDLC materials were prepared by PIPS 
using two different molar mass polystyrene -  b  - poly(ethylene oxide) diblock copoly-
mers. Their chemical structures, molar mass and refractive index are shown in 
Table  7.2 . The results confi rmed that the presence of a small amount of PS -  b  -
 PEO block copolymers as the third component in epoxy - type thermosetting blends 
modifi ed with nematic LCs leads to a new family of thermo - responsive thermo-
setting nanostructured materials. In these thermo - responsive meso/nanostruc-
tured thermosetting materials, PS -  b  - PEO block copolymer was used both as a 
self - assembly agent and as a PDLC. The curing behavior of the systems studied 
by DSC and rheology, as well as the morphology generated after network forma-
tion, showed that the introduction of an amphiphilic block copolymer as the 
third component yielded a narrow nanometer - scale distribution of the PS -  b  - PEO/
HBC phase and stabilized the system against macrophase separation of the HBC 
fraction. Additionally, for adequate PS -  b  - PEO and HBC contents, microphase 
separation of the PS - block from the epoxy matrix led to internal microseparation 

 Table 7.1     Characteristics of the liquid crystals. 

   Name     Chemical structure      T  CN   a)   ( ° C)      T  NI   b)   ( ° C)  

  HBC  

  
C NCH3(CH2)4

    

  24    34  

  HOBC  

  
C NCH3(CH2)4O

    

  59    76  

    a)  Crystal – nematic ( T  CN ) transition temperature.  
  b)  Nematic – isotropic ( T  NI ) transition temperatures as determined by DSC (see Figure  7.1 ).   
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of the HBC phase, which is responsible for switching from the opaque (OFF) 
to the transparent (ON) state. The systems were fully transparent at room tem-
perature and switched from the transparent to the opaque state on decreasing 
the temperature to around  − 16    ° C. The addition of PS -  b  - PEO as a third component 
enabled the preparation not only of nanostructured thermosetting materials but 
also of materials that might be switched from the opaque to the transparent 
state by application of external stimuli, for example, a thermal gradient or electri-
cal fi eld, similar to that shown in Figure  7.8 .     

     Figure 7.8     Optical response of 5   wt% PS -  b  - PEO - 30   wt% HBC - (DGEBA/MXDA) ( Reprinted 
with permission from  [28] ; copyright 2008 Elsevier ).  

 Table 7.2     Characteristics of the block copolymers. 

   Name     Chemical structure      M  n   a)   (g   mol  − 1 )      M  w / M  n   b)        n  d   c)    

  PS -  b  - PEO  

  

m

b
n O

    

   M  nPS    =   125   000 
  M  nPEO    =   16   100  

  1.04    1.568  

  PS -  b  - PEO  

  

m

b
n O

    

   M  nPS    =   58   600  
  M  nPEO    =   31   000  

  1.03    1.568  

   a)  Number - average molar mass.  
  b)  Polydispersity index.  
  c)  TexLoc Refractive Index of Polymers.   
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 The electro - responsive properties of these materials were studied using  electro-
static force miscroscopy  ( EFM ). Typical results are shown in Figure  7.9 . The 
electro - response of the HOBC phase domains can be easily recognized since apply-
ing 0   V did not lead to the detection of any changes on the ultramicrotomed surface 
of the ternary nanostructured epoxy system. However, applying 12   V to the EFM 
tip allowed detection of liquid crystal domains in the EFM phase image with high 
contrast between the uncharged and charged states and fast response. Here it 
should be pointed out that neither PS -  b  - PEO - (DGEBA/MXDA), where MXDA is 
 m  - xylylenediamine ,  nor DGEBA/MXDA shows any electro - response to the voltage 
applied to the EFM tip  [27] . Following the morphological features of the ternary 
systems obtained by adding as the third component PS -  b  - PEO block copolymers 
into LC - (DGEBA/MXDA), by controlling the content of each compound, modifi er, 
and liquid crystal, nano/mesostructured materials with high contrast in switching 
from an opaque to a transparent state (off/on state) can be designed. These materi-
als possess interesting properties and could fi nd application in the fi eld of thermo -
 responsive devices.    

  7.4 
 Epoxy Polymers Based on Azo - Benzene Organic Molecules 

 An alternative way to obtain responsive epoxy polymers is based on adding azo -
 functionalized thermoplastics to modifi ed thermosetting systems  [31 – 34] . These 
materials are interesting since the addition of azo dyes to polymer matrices can 
give rise to optical birefringence if excited by polarized light. The mechanism of 
this process is related to cis – trans photoisomerization of the azobenzene group 
and thermal cis – trans relaxation. The photoinduced isomerization process is of 

(a) (b)(b)

     Figure 7.9     (a) TM - AFM phase images of DGEBA/MXDA systems modifi ed with different 
15   wt% PS -  b  - PEO and 30   wt% HOBC. (b) EFM phase images of 15   wt% PS -  b  - PEO 30   wt% 
HOBC.  (Reprinted with permission from  [29] ; copyright 2008 American Chemical Society).   
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special interest since induced changes in molecular orientation can be transferred 
to the surrounding molecules. Consequently, the kinetics of the cis – trans isomeri-
zation of the azo groups can provide information about the structure and segmen-
tal mobility of the azo polymers. Azo - benzene - based epoxy polymers were prepared 
by using a push – pull azo dye, NO 2  – C 6 H 4  – N = N – C 6 H 4  – NH 2  ( Disperse Orange 3 , 
 DO3 ), as the photosensitive molecule  [31] . An azo - prepolymer was synthesized by 
reaction between DO3 and DGEBA. Two different monoamines were used, one 
aliphatic and one aromatic,  benzylamine  ( BA ) and  m - toluidine  ( TA ), respectively. 
The optical behavior of these materials is shown in Figure  7.10 . At a fi rst stage 
(A) no light was transmitted through the analyzer since the azo compounds were 
randomly oriented. As soon as the samples were exposed to polarized Ar +  laser 
radiation (A), an anisotropic orientation was created. Thus, the cis – trans isomers 
became oriented perpendicularly to the polarization vector of the writing beam. 
At time B the excitation light was turned off and the signal started to decrease. 
The decrease in the signal is related to reorientation of azo - benzene groups. This 
thermal reorientation can be associated to the thermodynamically favored disor-
dered state, caused probably by local heat related to the laser light which was 
dissipated through the fi lm when the laser was turned off. At a third stage in the 
writing sequence (C), the optically induced birefringence was  “ erased ”  by overwrit-
ing the test spot with a circularly polarized Ar +  beam. Finally, when the writing 
beam was turned on again (D) reorientation took place. The results confi rmed that 
these azo - benzene - based epoxy polymers have memory and are able to remember 
their previous orientation. Here, it should be pointed out that the probability of 
reaching the maximum level of birefringence in azo - modifi ed epoxy materials, 

     Figure 7.10     Writing and erasing tests on 
azo - functionalized polymers containing 
20   wt% azo - prepolymer: (a) writing beam is 
turned on; (b) writing beam is turned off; 

(c) erasing beam is turned on; (d) writing 
beam is turned on again on the same spot 
of the fi lm.  (Reprinted with permission from 
 [31] ; copyright 2008 Elsevier).   
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which indicates the optical behavior of these systems, depends on the environment 
in which the azo moiety exists. Birefringence results indicated that these azo -
 polymers are promising materials, which can fi nd application in optical informa-
tion storage, information processing, and optical switching devices, among others.   

 Fern á ndez  et al.   [32]  also investigated the growth and decay process of optically 
induced birefringence in azo - benzene - functionalized epoxy - based copolymers and 
the corresponding homopolymers, using BA and TA as curing agents. They found 
that the maximum response was independent of the power of the writing beam, 
the environment in which the azo moiety was located, and the bonding between 
the dye and the matrix. A study of the effect of light intensity on alignment behav-
ior indicated that a higher writing rate might be obtained by using irradiating light 
of higher intensity.  

  7.5 
 Conclusions and Perspectives 

 Thermotropic polymer - dispersed liquid crystals and other responsive epoxy poly-
mers have been extensively studied by many research groups due to their potential 
applications in different fi elds of electronics, optics and nano - optoelectronics. 
Their possible applications as optic shutters, smart windows, optical sensors, 
memories and fl exible display devices make them attractive materials both from 
an academic and an industrial point of view. Special interest has been focused on 
the design of materials with controlled dispersion of the low molar mass liquid 
crystal in order to fi nd correlations between fast response to the external fi eld, 
such as thermal gradient, electric or magnetic fi elds, and the fi nal morphology 
generated in these systems. It is important to control the morphology of designed 
epoxy - based responsive polymers since it can limit possible applications of these 
systems. The properties of these materials depend strongly on the size of the 
dispersed LC phase, which can be controlled by addition of low amounts of poly-
mers or block copolymers to epoxy matrices. This kind of modifi cation opens new 
strategies for the preparation of novel materials as this incorporation can generate 
templates for confi nement of other nano - objects such as nanoparticles, which can 
increase the response speed of these novel materials. 

 One of the possible ways of application of the strategies proposed in this chapter 
is based on the fact that low molar mass liquid crystals can be dispersed into 
inorganic materials such as nanoparticles, where the LC acts as a surfactant and 
conductive nanoparticles can increase the speed of response of the liquid crystal 
phase to the external fi eld. Taking the above into account, Tercjak  et al.   [35]  have 
developed novel thermo - responsive inorganic/organic thermosetting materials 
based on hydrophobic titanium dioxide nanoparticles and amphiphilic PS -  b  - PEO 
block copolymer dispersed LC. Well - dispersed nanoparticles spontaneously form 
well - defi ned highly dense arrays of titania nanodots located in the interface 
between the epoxy matrix and the microphase separated LC/PS - block, leading to 
the generation of novel materials.  
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  POSS  and Other Hybrid Epoxy Polymers  
  Libor   Mat ě jka        

   8.1 
 Introduction 

 The epoxies are the most common thermoset systems. Because a great number 
of different curing agents are used to cure the epoxy resins, a large variety of mate-
rial properties are achieved. However, high requirements for new multifunctional 
materials are better met by polycomponent nanoheterogeneous systems showing 
improved properties compared to homogenous ones. Mainly hybrid  organic – inor-
ganic  ( O – I ) polymers are of high importance in the design of new materials. Under 
optimum conditions these polymers display a synergistic effect of the properties 
of both phases, such as hardness, strength and reduced fl ammability of the inor-
ganic phase, and elasticity, toughness or good processability of the polymers. The 
O – I hybrids are nanostructured polymer materials consisting of nanosized inor-
ganic domains dispersed within a polymer matrix. The excellent properties of such 
nanocomposites compared to classical (micro) composites are due to the large 
surface area of the nanofi ller and a corresponding interfacial interaction. The 
uniform dispersion of nanofi ller in a polymer is crucial in the synthesis of the 
polymer nanocomposites. The simple way of blending a polymer with inorganic 
nanoparticles, however, suffers from diffi culties with their dispersion in a polymer 
medium. 

 Two main approaches are used to synthesize the nanostructured polymer O – I 
hybrids: 

  1.     In situ generation of an inorganic phase (fi ller) in a polymer. The sol – gel 
process (Equations  8.1 – 8.3 ), consisting of hydrolytic polycondensation of 
metal alkoxides, is an easy method of incorporation of an inorganic phase into 
a polymer and formation of O – I polymers  [1] . Alkoxysilane compounds, 
mainly  tetraethoxysilane  ( TEOS ), are the most commonly used precursors of 
the inorganic (silica) phase. 

        (8.1)   

        
(8.2)   

8
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(8.3)   

 The inorganic and organic (monomer or polymer) phase precursors are 
initially mixed on a molecular level, thus making possible a perfect dispersion 
of a nanofi ller in an organic matrix. The formed structures, however, are 
polydisperse in size and heterogeneous in chemical composition, thus being 
not well defi ned.  

  2.     Incorporation of well defi ned preformed nanoobjects    –    nanobuilding blocks    –    
into a polymer  [2] . Synthesis of O – I polymers with the defi ned structure is a 
new trend in the fi eld of hybrids. Such a procedure enables one to control 
the structure from the nanosize - scale and makes it possible to improve 
reproducibility of hybrid macroscopic properties. Oligosilsesquioxanes, 
organotin - oxo clusters, heteropolyoxo - tungstates or transition metal - oxo 
clusters are examples of nanoblocks.    

  Polyhedral oligomeric silsesquioxane  ( POSS ) is the typical nanobuilding block 
used for preparation of the new types of O – I hybrids. POSSs are cluster - like oli-
gomers of the general formula (RSiO 3/2 )  n  , represented mainly by the cage - like 
octamer derivatives  [3] . The POSS molecule in Figure  8.1  involves a core – shell 
true hybrid nanosystem with the compact Si – O core as a thermally stable robust 
inorganic framework and a shell of organic substituents providing the possibility 
of chemical modifi cation. The substituents R control the compatibility of the POSS 
with an organic matrix. The functionalized POSS, that is a POSS unit with the 
reactive substituents X, is suitable for covalent incorporation into a polymer by 
copolymerization or grafting  [4] . Therefore, the POSS molecule shows nanoarchi-
tecture with tailorable properties. The three - dimensional cage, 0.53   nm ( ∼ 0.7 – 5   nm 
including the substituents) in diameter, is comparable to the size of polymer 
segment dimensions and resembles a nanosized silica particle. A large variety of 
POSS monomers have been synthesized and introduced into polymers, as reviewed 
in  [5] . The incorporation of POSS in a polymer leads to a reinforcement and can 
dramatically improve use properties. The commercial availability of POSS mono-
mers makes these nanofi llers more attractive.   
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     Figure 8.1     Polyhedral oligomeric silsesquioxane (POSS). 
R: organic substituent, X: reactive substituent.  
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 Epoxy networks are often used as organic matrices of O – I hybrids. Mostly the 
high -  T  g  epoxy networks based on  diglycidyl ether of Bisphenol A  ( DGEBA ) or 
  N , N , N  ′ , N  ′  -  tetra - glycidyl - 4,4 ′  - diamino diphenylmethane  ( TGDDM ) are employed. 
Aromatic or aliphatic polyamines, as well as anhydrides or  dicyanodiamide  ( Dicy ) 
are usually used as curing agents. However, the rubbery epoxy systems have also 
been reinforced with inorganic nanofi llers  [6, 7] . 

 Two types of the epoxy hybrids will be described: (i) hybrids containing a 
fi nely dispersed, on the nanosize level, silica phase and (ii) hybrids with 
POSS units.  

  8.2 
 Epoxy - Silica Hybrids 

 Diffi culties with the dispersion of nanoparticles within an epoxy matrix can be 
overcome by applying the procedure of  in situ  generation of a silica structure by 
the sol – gel process in the epoxy medium. The epoxy - silica hybrids have been 
intensively studied in the past decade  [6 – 12] . Typically, the epoxy networks are 
modifi ed with silica generated  in situ  from TEOS or other alkoxysilane precursors, 
such as  (3 - glycidyloxypropyl)trimethoxysilane  ( GTMS ) and  (3 - aminopropyl)tri-
ethoxysilane  ( ATES ). The  in situ  generated hybrids show better homogeneity than 
the epoxy systems fi lled with preformed silica nanoparticles. 

 Formation of the epoxy - silica hybrid proceeds by two simultaneous independent 
reactions. The curing of an epoxy monomer, usually the epoxy - amine addition 
reaction, results in build - up of the epoxy network, and the sol – gel process of 
alkoxysilane precursors leads to growth of the silica structure. As a result, the 
interpenetrating or semi - interpenetrating epoxy - silica network is formed. The 
initial reaction mixture of the reagents and a cosolvent is homogeneous. During 
polymerization, however, polymerization - induced phase/microphase separation 
often takes place and various hybrid morphologies are generated dependening on 
the particular system and reaction conditions. 

  8.2.1 
 Structure and Morphology of the Hybrids 

 Interfacial interaction is the crucial factor governing hybrid morphology. The 
interaction between phases is the necessary requirement for a good dispersion of 
the formed silica nanostructures and homogeneity of the hybrid. The epoxy -
 amine - silica hybrid networks display interfacial interaction due to the reaction of 
SiOH in the silica structure with C – OH of the epoxy system formed during the 
epoxy - amine curing  [6, 8, 9, 13] . In addition, an H - bond interaction exists between 
SiOH and C – OH or C – N of the epoxy - amine network. The strength of the interac-
tion between phases depends on both the silica and epoxy matrix structures and 
on the interfacial surface given by the size and character of the silica 
nanodomains. 
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 The structure of the silica phase is determined by the reaction mechanism of 
the sol – gel process. Therefore, the reaction conditions of the hydrolytic poly-
condensation, such as catalysis, polymerization procedure, type of solvent or water 
content, affecting the mechanism, are the factors used to control the silica struc-
ture growth  [14] . Mainly the catalysis of the sol – gel process is of high importance. 
Under acid catalysis, the hydrolysis of the alkoxysilane precursors is promoted. 
The sol – gel process leads to the formation of open weakly branched polymer - like 
siloxane/silica structures (showing a low fractal dimension,  D  m    =   2.1). In contrast, 
base catalysis accelerates particularly polycondensation, resulting in the appear-
ance of large compact silica aggregates with a high fractal dimension ( D  m    =   3.0), 
corresponding to colloidal particles. 

 The epoxy - amine - silica hybrids formed by the sol – gel process under acid cataly-
sis are very homogeneous due to a strong interfacial interaction. The acid catalysis 
promoting hydrolysis generates the silica structure with a high content of SiOH. 
Moreover, a large interfacial surface of the small ramifi ed silica structures supports 
the interaction. On the other hand, the  “ base catalyzed ”  hybrids are more hetero-
geneous because of the absence of suffi cient interaction between phases. This is 
a consequence of a low amount of SiOH, typical of the silica formed under base 
catalysis, and the small surface of the relatively large compact particles. The strong 
interaction occurring under acid catalysis may result in microphase separation by 
spinodal decomposition of the inorganic precursor (usually TEOS) and formation 
of the bicontinuous phase structure  [11] . In contrast, the fast polycondensation 
under base catalysis favors phase separation by nucleation and growth mechanism 
producing the particulate nanocomposites. 

 In order to control the interfacial interaction and a hybrid morphology one can 
adjust also the structure of the epoxy matrix. However, application of coupling 
agents, mainly GTMS or ATES, reacting with both epoxy and silica phases, is the 
most typical approach to enhance the interaction between the phases and to reduce 
phase separation. Copolymerization of the coupling agents with epoxy and amine 
monomers and cocondensation with TEOS result in controlled interfacial covalent 
bonding. Modifi cation of the epoxy resin with different coupling agents, such as 
(mercaptopropyl)trimethoxysilane or bis( χ  - propyltrimethoxysilane) amine, has 
also been described  [11] .  

  8.2.2 
 Thermomechanical Properties of the Hybrids 

 The properties of O – I hybrids depend on the volume fraction of the nanofi ller, 
its size and morphology. The polymer/fi ller interface, however, is of primary 
importance. The interaction of the silica nanodomain with the matrix leads to 
the formation of an interfacial polymer layer with a constrained chain mobility 
resulting in an increase in the glass transition temperature  T  g  of the hybrid. 
The two - layer model (interfacial and bulk) suggesting two glass transition regions 
is considered to describe the thermomechanical behavior of the silica - fi lled 
elastomers. 
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 The relationship between the structure of the epoxy matrix, the interfacial inter-
action, morphology and properties was proved by Ochi and Takahashi  [9] . The 
epoxy network DGEBA - diamine (TEPA) modifi ed with  in situ  generated silica was 
homogeneous as a result of the strong interfacial interaction due to the above -
 mentioned covalent bonding. Mobility of the network chains was effectively 
restricted by a small amount of silica, leading to an increase in  T  g . At a silica 
content  > 4   wt% the glass transition did not appear up to the decomposition tem-
perature of the polymer. In contrast, the DGEBA - silica network formed by 
homopolymerization of the diepoxide initiated with tertiary amine showed hetero-
geneous morphology and a slight increase in  T  g  only. In this case, a very small 
amount of C – OH was present in the network and no covalent interfacial interac-
tion occurred. 

 Strengthening of the interaction between epoxy and silica phases with the 
optimum amount of the coupling agent, GTMS, in the epoxy network DGEBA -
 Dicy brought about an increase in thermal stability and in  T  g  by  ∼ 30    ° C  [15] . Even 
higher enhancement of  T  g  (by 50    ° C) was achieved in the nonaqueous synthesis of 
nanosilica from TEOS in the epoxy network DGEBA - DDS by using boron trifl uo-
ride monoethylamine as a catalyst. This agent promotes polymerization of TEOS 
and its effi cient covalent bonding to the epoxy network  [16] .  

  8.2.3 
 Rubbery Hybrid Formation, Structure and Thermomechanical Properties 

 Very close relationships exist between the polymerization mechanism, interphase 
interaction, structure and thermomechanical properties of hybrids. Adjustment of 
the process of the hybrid network build - up thus may be used to control the struc-
ture, morphology and properties. 

 We have studied the formation of the rubbery epoxy network based on DGEBA 
and poly (oxypropylene) diamine (Jeffamine D2000) reinforced with the silica 
generated  in situ  by the sol – gel process from TEOS  [7, 8, 17] . The diamine D2000 
of molar mass  M   ∼  2000   g   mol  − 1  is a multifunctional agent in the synthesis of the 
hybrid. In addition to being a crosslinker of the diepoxide, it serves as a base cata-
lyst in the sol – gel process, and the poly (oxypropylene) chain acts as a compatibi-
lizer of the organic phase with the formed silica structures. 

 Formation of the hybrid network during polymerization of the system DGEBA -  
D2000    –    TEOS involves the simultaneous build - up of the epoxy network and silica 
structures growing under base catalysis. The microphase separation takes place at 
the early stage of the reaction due to formation of high - molar mass polysiloxane/
silica chains. The growing silica clusters interpenetrate and the structure gradually 
densifi es, corresponding to increasing fractal dimension. Polymerization results 
in an epoxy - silica morphology with large compact silica aggregates ( D m     =   2.7) of 
size 100 – 300 nm, dispersed in the epoxy network. The optimized way of synthesis 
consists of the two - step (acid – base) polymerization procedure providing a signifi -
cant acceleration of the reaction and enhanced homogeneity of the hybrid. The 
fi rst step involves the prehydrolysis of TEOS under acid catalysis followed by base 
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catalyzed (with D2000) polycondensation of the SiOH - containing species in the 
DGEBA - D2000 medium. The small silica particles ( ∼ 2   nm) are formed in the fi rst 
 “ acid ”  step. The presence of the amine in the second polymerization step leads to 
fast polycondensation to form loose clusters ( D m     =   2.0), and gelation occurs in 90   s. 
The fi nal morphology is more homogeneous, exhibiting silica domains of  ∼ 50 –
 100   nm, compared to that in the previous  “ one - step base catalyzed ”  hybrid. The 
better homogeneity is a result of acid catalysis in the fi rst step and of quenching 
the phase separation at an early stage due to very fast gelation. The most homo-
geneous hybrid was prepared by sequential polymerization. In this case the epoxy 
network was swollen with TEOS and its hydrolytic polycondensation proceeded 
within the network. Steric restrictions to the silica clusters growth in the network 
resulted in formation of the small clusters, reaching a size of about 10   nm. The 
steric hindering of the silica structure by build - up of the epoxy network was also 
observed by Davis  et al.   [12] . 

 The  in situ  generated silica structures form hard glassy domains in the 
rubbery epoxy matrix. A small amount of the silica leads to a signifi cant rein-
forcement, characterized by increase in shear storage modulus  G ′   in the rubbery 
region (Figure  8.2 ). The hybrids show substantially higher moduli than the 
classical composite containing a comparable amount of the silica nanoparticles. 
The reinforcement, however, depends on the polymerization procedure of the 
hybrid synthesis. The heterogeneous base - catalyzed  “ one - step ”  hybrid displays 
only a slight increase in modulus with respect to the unmodifi ed network. The 
most effi cient modulus enhancement was achieved in the epoxy - silica hybrids 
prepared by the sequential and by the two - step (acid – base) polymerizations. 
The hybrids containing 7 and 13 vol% of the generated silica display increase 
in the rubbery modulus by two orders of magnitude compared to the DGEBA -
 D2000 network. These hybrids also exhibit a very strong interaction between 
the epoxy network and the glassy silica domains, resulting in immobilization 
of the network chains. Formation of the immobilized interface layer of the 
epoxy network in contact with the silica phase manifests itself by the new 
relaxation peak at a high temperature (Figure  8.2 b). The interphase interaction 
can be quantitatively characterized by a fraction of the immobilized epoxy 
matrix and determined by using dynamic mechanical analysis  [7] . When treat-
ing the mechanical properties of the hybrid one has to take into account the 
effective fraction of the hard phase, including both the silica phase and the 
immobilized epoxide.   

 The elastic modulus of a two - phase system depends on the moduli and volume 
fractions of the components (matrix and fi ller) as well as on the morphology. The 
Kerner model, modifi ed by Nielsen  [18] , is frequently used to predict the mechani-
cal behavior of particulate composites. This model, however, does not fi t the 
experimental data. The epoxy - silica hybrids with  in situ  generated silica (DGEBA -
 D2000 - silica) form interpenetrating networks with two co - continuous phases. The 
dynamic mechanical properties of the hybrids and the effect of phase continuity 
on the properties are properly described by the equivalent box model  [19]  and 
Davies empirical model  [20] .  
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  8.2.4 
 Application of the Hybrids 

 The main application fi elds of the epoxy - silica hybrids are in coatings, adhesives 
and in optics, due to the transparency of the materials. The hybrids were employed 
as transparent protective coatings on polycarbonate substrates showing a high 
adhesion and abrasion resistance  [21] . Various types of epoxy - amine or epoxy -
 Dicy systems were cured with GTMS to promote adhesion on aluminum surfaces 
 [22] . The application of the epoxy - silica hybrids as restoration materials for stone 
conservation  [23]  is also interesting. Hydrophobization of the surface by using 
(3 - glycidyloxypropyl)methyldiethoxysilane reduces penetration of water through 
the stone surface thus making it insensitive to weather.   
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     Figure 8.2     (a) Dynamic shear storage 
modulus and (b) loss factor (tan   δ   ) of the 
network DGEBA - D2000 and the hybrids 
DGEBA - D2000 - silica. 1 DGEBA - D2000, 2 - 4 
DGEBA - D2000 - silica hybrids prepared by 
(2) one - step polymerization, (3) two - step 

polymerization with acid prehydrolysis of 
TEOS, (4) sequential polymerization with 
preformed epoxide network.  Reprinted from 
Hybrid nanocomposites for nanotechnology, 
Springer 2009. Copyright (2009), with 
permission from Springer.   
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  8.3 
 Epoxy    –     POSS  Hybrids 

 The research on epoxy - POSS hybrids has focused mainly on the systems with 
covalently incorporated POSS within the epoxy matrix, thus making POSS an 
integral part of the network. The fi rst epoxy - POSS hybrid was synthesized by 
Crivello and Malik  [24]  by the photoinitiated homopolymerization of the octaepoxy -
 POSS monomer. The hybrid network, however, showed a very low crosslinking 
density because of a high extent of cyclization reactions sterically favored in 
homopolymerization of the multifunctional polyhedral monomer. Alternating 
copolyaddition of the polyepoxy - POSS monomer with amines diminished the 
extent of cyclization. By curing the epoxy - functional POSS monomer with amines, 
hybrid networks of a high crosslinking density were prepared  [25] . The POSS units 
served in the network as multifunctional crosslinks connected with diamine 
molecules. 

 Lee and Lichtenhan  [26]  incorporated the monoepoxy - POSS monomer into the 
epoxy network composed of two diepoxides    –    DGEBA and 1,4 - butanediol diglyci-
dylether    –    and the amine crosslinker Jeffamine D230. In this case the POSS cage 
was attached as a unit pendant on the network chain. The presence of the bonded 
polyhedral unit affected the viscoelastic and thermal properties of the network. 
The POSS cages hindered the motion of network chains and junctions and slowed 
down the chain relaxation in the glassy state. Increase in the POSS content in the 
hybrid network resulted in broadening of the glass transition region and increas-
ing the  T  g  of the network. Lichtenhan suggested that POSS – POSS interactions 
and their aggregation dominate the physical properties of the POSS - containing 
hybrids. Theoretical simulations  [27] , however, showed that aggregation of POSS 
units is not necessary for slowing down the chain mobility. The interchain interac-
tions or inertia effects of a heavy POSS molecule attached to a chain as an anchor-
ing point were assumed to be responsible for retardation of the network chain 
motion  [28] . 

  8.3.1 
 Types of  POSS  Hybrids 

 Epoxy - amine networks are mainly used as a matrix for POSS hybrids. However, 
the POSS reinforcement of the epoxy - anhydride  [29]  or epoxy - cyanate  [30]  
systems has also been carried out. The epoxy - POSS hybrids can be classifi ed 
according to the bonding and topological location of the POSS unit within a 
hybrid network. There are four types of POSS - containing crosslinked systems: 
the networks with 

  1.     Pendant POSS  
  2.     POSS in the network backbone (bead type)  
  3.     POSS as a network junction (star type)  
  4.     POSS physically dispersed without covalent bonding to a matrix.    
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 The epoxy -  and aminofunctionalized POSS (substituent X in Figure  8.1 ) are 
typical monomers used for incorporation of POSS into epoxy networks. In addi-
tion, the OH - containing POSS  [31]  was used, as well as the mercapto - POSS  [32]  
monomer for curing with anhydrides. Less frequently, the incompletely con-
densed POSS cages, such as disilanols or trisilanols are employed  [33] . 

 The different types of the epoxy - POSS hybrids are synthesized by using POSS 
monomers of different functionality, that is with a different number of reactive 
substituents X in the molecule. The networks with pendant POSS are prepared 
by using the monofunctional POSS monomer (denoted as POSS,E1), the bead 
type hybrid is formed from the bifunctional POSS (POSS,E2) and the multifunc-
tional POSS monomer (containing three or more, usually eight, functional groups, 
POSS,En) is applied for synthesis of the star type hybrid with the POSS unit as 
a network crosslink. The nonfunctionalized POSS compounds with nonreactive 
organic substituents only (substituent R in Figure  8.1 ) are dispersed in the epoxy -
 POSS hybrids with no covalent bond to the network.  

  8.3.2 
 Structure and Morphology of the  POSS  Hybrid Network 

 The structure and morphology of the hybrids depend fi rst on the compatibility of 
POSS compounds with an epoxy medium. The interaction between POSS units 
results in aggregation and either (macro)phase or microphase separation of the 
O – I system occurs. On the contrary, the POSS – polymer chain interaction pro-
motes a better system miscibility, leading to the hybrid with well dispersed POSS. 
The system compatibility is mainly controlled by the nature of the POSS 
substituents. 

 The hybrid morphology, moreover, is controlled by the course of polymeriza-
tion. The hybrid network formation and a phase structure are governed by 
competition of two processes. During polymerization and structure growth 
polymerization - induced phase separation often takes place, resulting in the 
appearance of the POSS - rich domains in an organic matrix. On the other 
hand, the reaction and covalent bonding of POSS with a polymer leads to 
enhancement of the POSS – polymer interaction and to the system compatibi-
lization. The early POSS bonding prevents the phase separation. Therefore, 
the reactivity of the POSS functionalities plays a role in the hybrid formation. 
The topology of the POSS molecule in the network as a pendant unit or as 
a multifunctional junction also affects the hybrid morphology because the more 
covalent bonds that exist between POSS and a polymer the more effi cient is 
the compatibilization.  

  8.3.3 
 Reactivity of the Epoxy - Functional  POSS  

 The reactivity of the epoxy - functional POSS is lower than that of common epoxy 
monomers, for example DGEBA  [34] , due to sterical crowding in the neighborhood 
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of their functional groups and to reduced epoxy group mobility. Generally, it is 
assumed that a spacer on the POSS cage increases the reactivity of the POSS 
functional group because of steric effects. A long and fl exible spacer makes the 
functional group more accessible to a reaction. The epoxy - functionalized POSSs 
are introduced into a network mostly by copolymerization with an epoxy - amine 
system. Due to a relatively low reactivity, the POSS units are bound in the growing 
structure of the network only in the late reaction stage or they even remained 
unreacted. This kinetic factor results in the inhomogeneous distribution of 
POSS in a matrix. 

 Wang  et al.   [35]  incorporated octa(dimethylsiloxy propylglycidyl ether) POSS 
(POSS,E8 - OG) in two types of epoxy networks; DGEBA -   m  - phenylenediamine 
(mPDA)    –    POSS,E8 and  propandiol diglycidyl ether  ( PDGE ) - DDM - POSS,E8. The 
relative reactivity of POSS,E8 with respect to the diepoxides is crucial for 
structure formation. The corresponding reactivities decrease in the series 
DGEBA    >    POSS,E8    >    PDGE. In the PDGE - DDM - POSS,E8 network the POSS 
monomer bonding is relatively fast, leading to the hybrid with homogeneous 
dispersion of POSS. On the contrary, POSS,E8 reacts more slowly than 
DGEBA in the DGEBA - mPDA - POSS,E8 network. During polymerization the 
epoxy network vitrifi es, POSS monomer remains unreacted and aggregates. 

 Prereaction of the slow reacting functional POSS is often necessary in order to 
achieve its incorporation in an epoxy system and to prepare the homogeneous 
hybrid. Lu  et al.   [29]  synthesized the network from TGDDM and  hexahydrophthalic 
anhydride  ( HHPA ) containing octakis(dimethylsiloxybutyl epoxide)POSS (OB). 
The reaction of OB with HHPA is signifi cantly slower than the TGDDM - HHPA 
reaction. Therefore, the two - stage procedure was carried out to allow OB to react 
with HHPA fi rst and to synthesize the homogeneous hybrid with optimum 
properties. 

 The formation of the two main types of hybrids    –    the hybrid networks with 
pendant POSS from monofunctional POSS monomers and the networks with 
POSS junctions from polyfunctional POSS –  will be discussed.  

  8.3.4 
 Hybrids with Pendant  POSS  

 The incorporation of the monoepoxy -  or amino - POSS in an epoxy network leads 
to the hybrid with POSS moieties covalently attached as pendant units on a 
polymer chain. The inert organic substituents R of the POSS cage are typically 
 isobutyl  ( iBu ),  isooctyl  ( Oct ),  phenyl  ( Ph ),  cyclopentyl  ( Cp ) or cyclohexyl. Due to a 
generally low compatibility with common epoxy - amine systems based on DGEBA 
and aromatic, aliphatic or poly(oxypropylene) diamines, these POSS show a high 
tendency to aggregation. 

 The good miscibility of the initial reaction mixture is achieved in only a few 
systems. The isobutyl - substituted POSS monomer (glycidyloxypropyl heptai-
sobutyl) POSS (POSS,E1,iBu) is well soluble in a small amount (8   wt% POSS) 
in the aromatic epoxy - amine system, DGEBA - MDEA (4,4 ′  - methylene bis(2,6 -
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 diethylaniline)) above the melting temperature of the crystalline monomer  [36] . In 
contrast, the phenyl - substituted POSS does not melt below the degradation tem-
perature and the initial mixture contains a dispersion of the crystalline POSS in 
the epoxy medium. During polymerization, both mixtures undergo polymeriza-
tion - induced phase separation to form crystalline POSS domains, up to several 
micrometers in size, dispersed in the epoxy matrix. The POSS substituents adjust 
the compatibility, nevertheless, more than 10   wt% of the monofunctional POSS 
cannot be homogeneously dispersed in an epoxy network. The phase separation 
occurs either in the initial mixture or during network formation. Control of the 
POSS dispersion and the epoxy - POSS hybrid structure can be accomplished by 
applying the two - step synthesis. 

 Williams  et al.  have shown  [37]  that the two - step procedure makes it possible to 
introduce a large amount of the pendant POSS into a network. When preparing 
the network DGEBA - MDEA modifi ed with POSS,E1,iBu or POSS,E1,Ph, they 
prereacted POSS in the fi rst step with MDEA to form the precursor MDEA - POSS, 
fully compatible with the epoxy - amine mixture  [36] . The phase separation, taking 
place in the second step during network formation from the precursor, started at 
a later reaction stage and the aggregation was slower. As a result, the more homo-
geneous morphology was formed compared to the case with the non - prereacted 
POSS. Moreover, the prereaction inhibited POSS crystallization. The hybrid pro-
duced with POSS,E1,iBu involved very small amorphous POSS domains dispersed 
in the network. 

 An effi cient homogenization was achieved by Liu and Chang  [38]  by preparing 
the precursor from the aminofunctional - POSS,iBu and DGEBA. Crosslinking of 
the precursor with DDM, Dicy or  diethylphosphite  ( DEP ) resulted in homogene-
ous transparent hybrids containing more than 50   wt% POSS. In general, the 
hybrids synthesized by using the small size hardeners, Dicy or DEP, exhibited 
homogeneous morphology with the POSS domains not exceeding 100   nm in size.  

  8.3.5 
 Hybrids with  POSS  as Network Junctions 

 The octaepoxy -  or octaamine - POSS monomers are mostly used to synthesize the 
star - type epoxy - POSS hybrid networks. In contrast to the pendant POSS units, the 
POSS monomers incorporated as junctions of a network are well dispersed in a 
matrix, often on the molecular level  [25, 39] . Up to 20 – 40   wt% of the multifunc-
tional POSS can be introduced into networks to produce the homogeneous 
hybrids. 

 We have followed the formation of the hybrid networks from octa (hexylepoxide) 
POSS (POSS,E8 - OHE) and diamines D2000 or D230  [34, 40, 41] . The high 
homogeneity of these hybrids justifi es the application of the theory of network 
formation to determine the mechanism of the network build - up. Despite the 
high functionality of the POSS,E8 - OHE monomer the hybrid network is formed 
at a slower rate than the corresponding DGEBA - based networks due to the 
low reactivity of the POSS epoxy groups. Moreover, the hybrid network gels at a 
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higher conversion with respect to the random network formation of the ideal 
octaepoxy - diamine mixture. While the critical conversion at the gel point   α   C    =   0.22 
for the ideal network  [42] , the hybrid gelation occurs only at   α   C    =   0.40  [34] . This 
delay of gelation is mainly a result of the pronounced cyclization in the pregel 
stage. The short range cyclization, that is the reaction of both hydrogens of the 
primary amino group with the neighboring epoxy groups of the POSS monomer, 
is sterically preferred in the octaepoxy POSS. This intramolecular reaction leads 
to an increasing fraction of the sol in the network. A good agreement with the 
theory, as to the sol fractions of the hybrid networks of different compositions, 
was obtained when assuming 30% of intramolecular reactions in the system 
POSS,E8 - D230. 

 However, the dispersion of the polyfunctional POSS in an epoxy matrix does 
not necessarily reach the perfect molecular level. A small extent of aggregation 
with POSS domains of size up to 15   nm was also reported  [43] . We have studied 
the evolution of the phase structure during formation of the hybrid network 
POSS,E8 - D2000  [40] . The structure growth is displayed in Figure  8.3  by the time 
evolution of the SAXS profi les during polymerization. The initial mixture involves 
molecularly dispersed POSS and a small fraction of tiny aggregates characterized 
by a broad maximum at 4.5   nm  − 1 . During polymerization both the monomeric and 
physically aggregated POSS gradually disappear and small chemical POSS clusters 
are produced as follows: The reaction of the primary aminogroup of D2000 with 
two octaepoxy - POSS molecules results in the formation of the POSS - dimer 
attached at the end of the D2000 chain. These covalently bound POSS units create 
the chemical cluster. From this point of view the network junctions involve not 
the monomeric POSS but the clusters composed of several POSS moieties. TEM 
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     Figure 8.3     Evolution of the SAXS profi les 
during formation of the POSS,E8 - D2000 
network. Curves (reaction times): (1)  t    =   0, 
(10)  t    =   90   h;  T    =   120    ° C.  Reprinted from 

Hybrid nanocomposites for nanotechnology, 
Springer 2009. Copyright (2009) with 
permission from Springer.   
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 [40]  and NMR  [44]  analysis prove the POSS domain size to be up to  ∼ 4   nm. During 
the network build - up another SAXS maximum emerges in the region  q    =   1 – 2   nm  − 1 . 
The position of this maximum corresponds to the correlation distance between 
the POSS junctions separated by D2000 chains. The growth of the SAXS interfer-
ence maximum during polymerization reveals the formation of the ordered hybrid 
structure.   

 The homogeneity of dispersion of POSS units in the epoxy networks depends 
on the functionality  f , that is the number of functional groups in the polyepoxy -
 POSS monomer. The hybrid networks POSS,En    –    D2000 containing POSS with 
eight, four or two epoxy groups, respectively, show increasing tendency to POSS 
aggregation with diminishing functionality  [40] . The polyfunctional POSS units 
become shielded during crosslinking by attached D2000 chains, thus preventing 
POSS aggregation. The steric shielding, however, decreases with decreasing POSS 
functionality and the number of bound diamine chains. Therefore, POSS in the 
backbone, (POSS,E2) strongly aggregate.  

  8.3.6 
 Hybrids with Unbound  POSS  

 The improving dispersion of POSS and homogeneity of the hybrids with increas-
ing functionality of the POSS monomer reveals the infl uence of the covalent 
bonding and the POSS – polymer interaction on morphology. In physically blended 
systems the POSS – POSS interactions dominate and aggregation takes place. 

 Zheng  et al.   [45]  modifi ed the DGEBA - DDM network by using two types of 
POSS of a similar structure    –    octa(aminophenyl)POSS (OAPh) and octa(nitrophenyl)
POSS (ONPh). While OAPh reacts with the epoxy - amine system to be covalently 
bound in the network as the junction, the ONPh is dispersed in the matrix without 
any bonding. Both mixtures of POSS and the epoxy system were initially homo-
geneous up to 20   wt% POSS. During network formation, the OAPh incorporated 
in the network remained well dispersed and the resulting epoxy - POSS hybrid was 
homogeneous. In contrast, phase separation and aggregation of POSS units 
occurred in the case of the unreacted physically blended ONPh. 

 The effect of bonding was proved also by modifi cation of the DGEBA - DDM 
network with incompletely condensed POSS    –    phenyl trisilanol POSS  [33] . The 
homogeneous epoxy hybrid containing up to 30   wt% of the nanodispersed POSS 
was prepared by using aluminum triacetylacetonate as the catalyst for the reaction 
between POSS - triol and DGEBA. Without the catalyst, however, the reaction of 
silanol groups with the epoxy does not proceed, the POSS - triol remains unbound 
and phase separation takes place with the POSS - triol particles of size 300 – 500   nm 
dispersed in the epoxy matrix.  

  8.3.7 
 Properties of  POSS  Hybrids 

 POSS moieties in polymers affect polymer chain mobility, resulting in local 
chain reinforcement. The hybrids often show improvement of thermomechanical 
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behavior, thermal stability, thermo - oxygen resistance and other material proper-
ties. However, the incorporation of POSS in epoxy networks can lead to both 
increase and decrease in  T  g  and elastic moduli, as well as to unchanged thermo-
mechanical properties. The POSS unit can act as a reinforcing nanofi ller or as a 
plasticizing agent depending on the particular conditions because of several com-
peting effects: (i) the POSS cage restricts the motion of a polymer chain, thus 
increasing  T  g ; (ii) the bulky POSS moiety introduces a large free volume in a matrix 
(decrease in  T  g ); moreover, (iii) the character of the interface between POSS and 
a polymer determines the mobility of POSS junctions or the extent of chain immo-
bilization by POSS units, and (iv) incorporation of POSS in a network leads to an 
increase or decrease in crosslinking density affecting correspondingly  T  g  and the 
modulus in the rubbery state. In addition, the low reactivity of POSS monomers 
due to steric hindrance may result in an incomplete reaction and corresponding 
worsening of properties. 

 The morphology of hybrids, the POSS topological localization in a network, as 
well as the POSS – POSS interaction and the interface interaction, are the factors 
governing hybrid properties.  

  8.3.8 
 Properties of Hybrids with Pendant  POSS  

 Two aspects characterize the hybrids from the monofunctional POSS: (i) Aggrega-
tion of the pendant POSS units and formation of amorphous or crystalline POSS 
nanodomains is crucial for the thermomechanical properties of these hybrids. (ii) 
The incorporation of the monoepoxy - POSS monomer into an epoxy - amine network 
has a detrimental effect on the network structure. The partial substitution of a 
diepoxide by the monofunctional monomer results in chain termination and for-
mation of the epoxy network with a lower crosslinking density   ν   (concentration of 
elastically active chains). Therefore, the network with the same amount of the 
POSS - free monoepoxide serves as a reference to eliminate the effect of   ν   and 
separate the particular effect of the POSS moiety. 

 The thermomechanical behavior of the rubbery epoxy network DGEBA - D2000 
containing the monoepoxy - POSS depends strongly on the POSS substituents  [41] . 
Modifi cation of the network with POSS,E1,Ph leads to a signifi cant reinforcement. 
The rubbery modulus of the hybrid network grows with increasing POSS content, 
despite decreasing crosslinking density. The modulus of the hybrid with 48   wt% 
POSS is more than 1.5 orders of magnitude higher than the theoretical value for 
the network of the corresponding crosslinking density. The POSS,E1,Ph monomer 
is crystalline and due to the strong POSS – POSS interaction the crystallinity is 
preserved, even in the hybrid network. The formed crystalline domains act as 
polyfunctional POSS clusters and create strong physical crosslinks. This physical 
crosslinking prevails on the effect of diminishing chemical   ν  , thus causing 
enhancement of the modulus. The  T  g  of the networks, however, is almost unaf-
fected by the presence of POSS and only a very high POSS content (48   wt%) results 
in a mild shift to a higher value and to broadening of the glass transition region. 
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The NMR analysis shows  [44]  that the high - amplitude fl ips of phenyl rings could 
make interfacial interactions with the network chains ineffective. In contrast to 
the POSS,E1,Ph, the hybrid networks with POSS containing fl exible isooctyl sub-
stituents (POSS,E1,Oct) display a decrease in rubbery modulus, even with respect 
to the reference POSS - free epoxy network of the same crosslinking density  [41] . 
In this case, the POSS – POSS interaction is weak. The formed amorphous POSS 
aggregates are unstable under deformation and decrease in chemical   ν   is not 
compensated by physical crosslinking. Moreover, the dilution effect of the bulky 
POSS unit contributes to lowering of the crosslinking density and the modulus. 

 The POSS effect also depends on the epoxy matrix. While the rubbery network 
is reinforced by POSS,E1,Ph, the high -  T  g  epoxy - aromatic amine networks show 
lowering of the glass transition temperature as a result of decreasing crosslinking 
density and plasticization of the matrix. The  T  g  of the DGEBA - MDEA network 
decreases after modifi cation with a small amount (8 – 10   wt%) of phenyl - substituted 
POSS  [36]  due to diminishing   ν  . There is no special effect of POSS moieties 
because the  T  g  value does not differ from that of the reference POSS - free network 
of the same   ν  . The infl uence of the morphology, however, is also important. The 
more homogeneous hybrid, prepared by the two - step procedure using the prere-
acted POSS precursor, contains a higher fraction of the POSS dissolved in the 
matrix. Due to a large free volume of the POSS units, these hybrid networks 
display a more pronounced depression of the glass transition temperature. In this 
case,  T  g  is lower even than that of the reference network, revealing the plasticizing 
effect of the bulky POSS. Only a high content of POSS,E1,iBu (52   wt%) introduced 
in the network DGEBA -  phenylene bis(methylidene)bis(aniline) brings about hin-
dering of the chain mobility. The hybrid shows an increase in  T  g  with respect to 
the reference network (of the same   ν  ). This POSS effect, however, does not com-
pensate the infl uence of decreasing crosslinking density due to incorporation of 
the monoepoxy monomer. 

 The harmful effect of a monofunctional monomer in the hybrids is eliminated 
by using the diepoxide DGEBA modifi ed with the POSS unit, POSS DGEBA  (Figure 
 8.4 ). The hybrid network with pendant POSS and unreduced crosslinking density 
is produced in this case  [40, 41] . The formation and structure of the network 
POSS DGEBA  - D2000 is described in Section  8.3.10 .    

  8.3.9 
 Properties of Hybrids with  POSS  in Junctions 

 Properties of the hybrids with the polyfunctional POSS are not primarily gov-
erned by morphology, in contrast to those from the monofunctional POSS. The 
hybrids are generally homogeneous and the POSS – POSS interactions leading 
to aggregation are of minor importance. The structure and properties are affected 
by a high crosslinking density of these networks and mainly by the character 
of the organic spacer through which the functional group is attached to the 
POSS cage  [25, 39] . The tether structure between the POSS cage and an organic 
matrix represents the interphase of the hybrid and can be fi nely tuned. 
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 Both the glassy and rubbery moduli are usually increased by incorporation of 
the multifunctional POSS in an epoxy matrix. The high POSS junction ’ s func-
tionality and the corresponding higher   ν   of the hybrid compared to the unmodifi ed 
network is responsible for the modulus growth in the rubbery state. Nanorein-
forcement with nanoparticles is considered to operate in less homogeneous 
systems. The hybrid epoxy - amine networks with well dispersed octa(dimethylsiloxy 
propylglycidyl ether) POSS (POSS,E8 - OG) as network junctions in most cases 
show a decrease in  T g   compared to the unmodifi ed DGEBA - based networks. 
OG - DDM and DGEBA - DDM networks are typical examples to compare. The soft 
interphase OG - amine due to the fl exible substituent shell around the POSS core 
is the reason for the plasticization. The increasing tether (interphase) rigidity 
enhances  T  g , thermal stability and tensile strength, however, it decreases the 
toughness of the hybrid. Laine  et al.   [25]  proved this effect by using the monomer 
octa(dimethylsiloxy ethylcyclohexylepoxide) POSS (OC) that is more rigid than 
OG because of the cyclic structure and sterically hindered epoxy groups. The 
OC - DDM network exhibited the above - mentioned changes in thermal and 
mechanical behavior with respect to the OG - DDM hybrid. Reducing the POSS 
substituents ’  length in octa(2,3 - propylepoxide)POSS leads to further increase in 
 T  g , however, it is still lower than that of DGEBA - DDM. Exceptionally, the POSS -
 containing networks with an extremely high  T  g   [46]  or even absence of the transi-
tion were also reported  [47, 48] . In the case of the epoxy networks modifi ed with 
octa(aminophenyl) POSS and octa(aminopropyl) POSS the different teams report 
both a decrease in  T  g   [45]  due to the large free volume introduced with POSS, 
and an increase in  T  g   [39, 49]  because of the higher crosslinking density in the 
hybrids. 
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     Figure 8.4     Diepoxy - POSS monomer based on DGEBA (POSS DGEBA ).  
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 We have controlled the crosslinking density of the rubbery hybrid networks 
by using POSS of various functionalities, the diepoxy -  (POSS,E2), tetraepoxy -  
(POSS,E4) and octaepoxy - POSS (POSS,E8 - OHE) monomers  [40, 41] . POSS 
contains the fl exible hexyl substituents as spacers, thus providing a soft inter-
phase. Therefore, even in the rubbery system DGEBA - D2000, the glass transition 
temperature of the POSS - modifi ed networks is signifi cantly lowered (by 16 – 31    ° C). 
The rubbery modulus of the network with POSS,E8 is enhanced compared to 
the DGEBA - D2000 network. Both the modulus and the  T  g  of the hybrids, 
however, decrease with diminishing functionality of the epoxy - POSS monomer 
because of decreasing   ν   and increasing content of the plasticizing soft POSS 
moieties. 

 The hybrid POSS,E8 - D2000 is well homogeneous, and therefore the theory of 
rubber elasticity can be applied to determine the network crosslinking density 
 [41]  (the formation of the small chemical clusters does not violate application 
of the theory). In the homogeneous systems, the equilibrium modulus in the 
rubbery state  G  e  is related to the crosslink density   ν  ,  G  e    =    A ν RT , where the 
front factor  A    =   1 for phantom networks and  A    =   (  f     −    2)/ f  for the affi ne networks 
(  f  is a functionality of the crosslink). An agreement with theory was found 
assuming  A    =   1 and including cyclization (see above). The increase in modulus 
with respect to the DGEBA - D2000 network is explained by the higher crosslink-
ing density. No special reinforcing effect of POSS units contributes to the 
mechanical behavior. On the contrary, large deviations from the theory were 
observed in the case of POSS,E4 - D2000 and POSS,E2  - D2000 networks due to 
inhomogeneities resulting from the increasing extent of aggregation with decreas-
ing POSS functionality. The epoxy groups are not sterically accessible in the 
aggregates, and an incomplete conversion leads to a lowering of the crosslinking 
density of the network. 

 The epoxy - POSS hybrids generally show an enhancement of mechanical proper-
ties. The optimum content of POSS units in the network improves both the 
strength and toughness of the material. 20% of octa(mercaptopropyl) POSS 
increases by three times the impact strength of the perfectly homogeneous hybrid 
based on the DGEBA - methyl tetrahydrophthalic anhydride network  [32] . Also the 
nanoheterogeneous systems, such as the hybrid POSS,E8,OG - DDS with POSS 
aggregates up to 15   nm in size, show an improved toughness compared to the 
unmodifi ed epoxy network DGEBA - DDS  [43] . The toughening mechanism is 
assumed to consist in nanovoid formation templated by the presence of POSS 
aggregates. The growth of voids enhances matrix shear yielding and thus the 
toughness of the hybrid. 

 High thermal and thermo - oxidative stability is one of the main features of the 
epoxy -  POSS hybrids. The thermal stability is determined by the combination of 
several effects; high silica amount, high   ν  , nanoporous structure, and, mainly, the 
nature of the tethers, including rigidity and content of aromatics  [39, 47] . The 
thermooxidative resistance is attributed to the nanoscale dispersion of POSS and 
the formation of a silica layer on the surface of materials, protecting the internal 
structure from decomposition and from diffusion of volatiles during degradation. 
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These properties make the epoxy - POSS hybrids a promising material to improve 
fl ame retardance.  

  8.3.10 
 Self - Assembled Epoxy -  POSS  Hybrids 

 The inherent incompatibility of components of O – I polymers makes these systems 
liable to form self - assembled structures in a similar way to the block copolymers 
(see Chapter  5 ). 

 The epoxy network with pendant POSS and unreduced crosslinking density was 
prepared by using the diepoxide monomer POSS DGEBA  (see Figure  8.4 )  [40, 41] . 
During formation of the network POSS DGEBA  - D2000 a microphase separation takes 
place followed by the regular assembling of the structure. The structure model of 
the hybrid network consists of the lamellar ordering of the POSS crystal domains 
separated by the extended D2000 chains. The formation of the supramolecularly 
ordered hybrid structure is templated by the regular arrangement of the rigid poly-
epoxy chains in the DGEBA - D2000 network  [50] . The POSS crystalline layers bring 
about a signifi cant reinforcement of the polymer network due to the physical 
crosslinking. The rubbery modulus of the hybrid POSS DGEBA  - D2000 is higher by a 
1.5 order of magnitude with respect to the unmodifi ed network. The structure of 
the hybrid is temperature and strain dependent. At the critical temperature 
 T  C    =   120    ° C, the order – disorder transition occurs, consisting of disordering of the 
POSS lamellar domains, which manifests itself by a steep drop - off modulus. 
Moreover, below  T  C  the shear deformation leads to the strain - induced reinforce-
ment due to a rearrangement of the ordered structure. The transition and the 
thermomechanical behavior are reversible. 

 Zheng  et al.   [51]  reported the supramolecular arrangement in the DGEBA -
 MOCA (3,3 - dichloro - 4,4 - diaminodiphenylmethan) network containing POSS -
 capped  poly (caprolactone)  ( PCL ). While the PCL chain is miscible with the epoxy 
medium, the POSS cages are incompatible. Therefore, a micelle - like nanostruc-
ture is formed in the system with the POSS cores and PCL chains shell interpen-
etrated with the epoxy matrix. This preformed self - organized template is fi xed by 
curing of the epoxy network.  

  8.3.11 
 Application of  POSS  Hybrids 

 The epoxy - POSS hybrids provide upgrading properties for various applications. 
The hybrids are possible coating materials due to their interesting surface proper-
ties, such as scratch resistance, corrosion inhibition or high hydrophobicity. A 
signifi cant increase in surface hydrophobicity was achieved by incorporating PEO 
capped with fl uorsubstituted POSS into an epoxy matrix  [52] . The effect was attrib-
uted to the enrichment of POSS units on the surface of the nanostructured 
thermoset. Due to the presence of nanoporous POSS cages in a matrix the 
hybrids show a low dielectric constant and gain a high potential for use as low 
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dielectric materials  [46]  and in electronic packaging. The nanocomposite fi lms 
with excellent oxygen barrier properties, competitive with commercially available 
high - performance barrier materials, were prepared from octa(aminophenyl) POSS 
with a variety of epoxies and dianhydrides  [53] .   

  8.4 
 Conclusions 

 Epoxy hybrid networks are a relatively new class of advanced materials. The nanos-
tructured nature of the hybrids leads to unique properties with respect to the 
homogeneous epoxy polymers or classical composite systems. Two types of inor-
ganic  “ nanofi llers ”  are often introduced in an epoxy matrix to prepare prospective 
hybrid materials: (i) the silica nanostructures generated  in situ  by the sol – gel 
process in a polymer medium, and (ii) the nanobuilding blocks, POSS. These 
 “ nanofi llers ”  become attractive, because (i) the  in situ  generation process elimi-
nates the problem of dispersion of the nanoparticles in a polymer, and (ii) the 
well - defi ned POSS molecule makes it possible to tailor the structure of hybrids 
from the molecular scale. 

 Both types of hybrids show variable structures and morphologies which can be 
effi ciently controlled. During the hybrid network formation from the initially 
homogeneous state generally two processes compete: (a) polymerization - induced 
phase separation of silica clusters or aggregates of POSS units and an epoxy 
system, and (b) bonding (covalent or H - bond interaction) between the silica/POSS 
and epoxy interfaces leading to compatibilization of the reaction mixture. Under 
proper conditions, the homogeneous hybrid networks are formed with inorganic 
 “ domains ”  (POSS or silica nanostructures) dispersed in an epoxy matrix on the 
molecular or nanosize level. 

 In the epoxy - silica hybrids the chemical silica clusters are generated in a matrix, 
to serve as a nanofi ller. The homogeneous hybrid involving interpenetrating epoxy 
and silica networks is formed by using acid catalysis and the optimal synthesis 
approach is considered to be the two - step acid – base procedure. The bi - continuous 
phase structure is typical of these hybrids, in contrast to the particulate type nano-
composites produced under basic catalysis or by using the conventional nanopar-
ticles blended in a matrix. Hybrid properties are determined by the morphology 
and by the interfacial interaction. The strong interaction between phases leads to 
immobilization of polymer chains, increase in  T g   and reinforcement of a matrix. 
The coupling agents are usually used to strengthen the interaction and improve 
properties. Releasing of volatiles during the sol – gel process, however, can compli-
cate the hybrid synthesis. 

 The attractiveness of the epoxy - POSS hybrids is due to the well - defi ned structure 
of the POSS molecule and its high versatility making it possible to effi ciently 
tailor the hybrid microstructure and tune the interface. The nanostructuration 
during formation of the epoxy - POSS hybrids proceeds by phase separation due 
to aggregation of POSS moieties to form a physical assembly of nanounits (in 
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contrast to chemical silica clusters). The type of POSS monomer is the main 
factor controlling the hybrid structure and morphology. The POSS substituents 
(reactive and nonreactive) control miscibility with an epoxy matrix, covalent 
bonding to a polymer and topological localization in a network. The POSS pendant 
to the network chain tends to phase separate to form POSS - rich domains. Hybrid 
properties are determined by the strength of these domains (strong crystalline 
or weak amorphous) acting as physical crosslinks (modulus increase) and by the 
plasticization effect due to the large free volume of the bulky POSS cage intro-
duced into a matrix ( T  g  decrease). In contrast, the epoxy networks with POSS 
incorporated as junctions are often true hybrids with molecularly dispersed POSS 
moieties. The high crosslinking density due to polyfunctional junctions and, 
mainly, the nature of the interphase between the POSS cage and an epoxy polymer 
determine the behavior of the hybrid. The interphase can be fi nely tuned by 
adjustment of the tether structure which is a way to control properties. 

 The epoxy - hybrids exhibit a signifi cant improvement in a variety of properties, 
such as thermal stability, mechanical properties, oxidation resistance, surface 
hardening (see Chapter  12 ) or reduction of fl ammability. Enhancement of these 
properties occurs at a low  “ nanofi ller ”  content. The POSS nanodispersion and 
homogeneity of the silica hybrids are considered to be mainly responsible for the 
improvement of different properties.  
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 Lamellar Silicate - Modifi ed Epoxies  
  Jannick   Duchet - Rumeau   and   Henry   Sautereau        

   9.1 
 Introduction 

 We live in a time which cherishes the extremes    –    when people dream of having 
the greatest benefi ts with the smallest effort. It ’ s happening to the materials engi-
neers and chemists, as well  …  the smallest the length scale on which they can 
control the matter, the greatest their hopes of getting incredible performances. 
Nanocomposites are the new Eldorado for materials engineers to overcome the 
limitations of traditional micrometer - scale polymer composites. The fi eld of nano-
composites involves the study of multiphase materials where at least one of the 
constituent phases has one dimension less than 100   nm. Although some compos-
ites nanofi lled with carbon black and fumed silica have been used for a very long 
time, research and development of  polymer layered silicate nanocomposites  ( PLS ) 
has greatly increased since the 1980s  [1 – 6] . The promise of PLS lies in their mul-
tifunctionality, the possibility of realizing unique combinations of properties 
unachievable with traditional materials. What are the reasons for this promise? 
The fi rst is linked to the confi nement of nanofi llers in the matrix due to the small 
size of the fi llers compared to the polymer chain dimensions. The second is the 
multiplication of surfaces and interfaces and the third is the spatial structuration 
of nanofi llers  [5] . The well known challenges to get successful nanocomposites 
include control over the size distribution and dispersion of the nanofi llers, and 
tailoring and understanding the effect of the interfaces between the organic and 
inorganic phases on the bulk properties. Today ’ s limiting factor for the develop-
ment of nanocomposites is the control of the state of dispersion and its homogene-
ity, as well as the orientation of the layers. Processing pathways to promote the 
dispersion of nanofi llers in a polymer matrix are numerous and dependent on 
the polymer matrix characteristics. Normally, creating the polymer matrix around 
the nanoparticles in the monomers directly promotes good dispersion of the nano-
particles. The complete dispersion of the clay nanolayers able to intercalate and to 
polymerize  ε  - caprolactam between the layers is the key to the extraordinary per-
formance obtained on nylon 6 - clay nanocomposites: an increase of 50% in strength 
and of 80    ° C for the heat distortion temperature with a loading of only 4.2   wt%  [7] . 
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This nanocomposite chemistry, pioneered by Toyota researchers, can be extended 
to epoxy thermosets. In this chapter, we show a tested methodology for formulat-
ing epoxy - clay nanocomposites and an overview of the effects of nanolayers on the 
properties of epoxy networks.  

  9.2 
 Structure and Properties of Lamellar (Phyllo) Silicates 

 Lamellar or plate - like fi llers are made of platelets with different composition and 
spatial arrangement. The most widespread lamellar fi llers belong to the smectite 
(montmorillonite) family  [8]  but other families of lamellar fi llers are also used to 
prepare polymer nanocomposites, for example, polysilicates (magadiite)  [9]  and 
layered double hydroxide (hydrotalcites)  [10] . Lamellar fi llers can be natural or 
synthetic. The controlled synthesis of clay ensures a good reproducibility of nano-
composite performance but its price is nearly twice that of natural clays  [11] . 
 Montmorillonite s ( MMT s) are natural lamellar silicates that contain two types of 
sheets,  tetrahedral  ( T ) and  octahedral  ( O ). In particular, each MMT platelet con-
sists of one octahedral Al(OH) 3  layer stacked between two tetrahedral SiO 4  
layers    –    the former containing edge - shared octahedra and the latter corner - linked 
tetrahedra. If each silicate tetrahedron contains one Si atom in its center, and all 
gibbsite octahedrons contain only Al atoms, the overall structure is electrically 
neutral. However, during the geological processes which lead to the formation of 
MMTs, some structural atoms are replaced by other atoms having the same size 
(isomorphic substitution) but lower electrical charge: Si 4+  can be replaced by Fe 3+  
or Al 3+  and Al 3+  can be replaced by Fe 2+  or Mg 2+ . These substitutions generate a 
defi ciency of positive charge and justify the fact that the stacks of platelets are 
globally negative. The permanent negative charge associated to the immobilized 
anions is equilibrated by the presence of singly -  and doubly - charged mobile cations 
(Na + , K +  and Ca 2+ , Mg 2+ ) which act as counterions (i.e., compensating cations). 
These counterions are principally grouped in the interlayer space (also known as 
clay gallery)    –    which separates the platelets and whose dimension (basal spacing 
 d  001 ) depends on the nature of the cations and the degree of clay hydration  [12] . 
MMTs are expandable clays: their interlayer inorganic cations can be replaced by 
other cations having a higher affi nity for the fi xed ionic sites on the platelets 
without any major change in the crystalline structure but with an increase in its 
basal spacing. The  d  001  value of MMT may vary between 9 and 60    Å  depending on 
the nature and the concentration of the molecules absorbed between the layers 
and, in the presence of a polymer matrix, it could even attain 100    Å . The dimen-
sions of each platelet typically range in the following scales: few nanometers 
(thickness), tens of nanometers (width) and from tens of nanometers to a few 
micrometers (length). Their reduced dimensions are responsible for a high spe-
cifi c surface (from 100 up to 1000   m 2    g  − 1 ) and their particular morphology confers 
on them a high aspect ratio (from 100 up to 1000). Silicate platelets represent MMT 
elementary particles (thickness  ∼ 1   nm): MMT primary particles include 5 to 10 
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platelets (size 8 to 10   nm) and MMT aggregates consist of several MMT primary 
particles stacked together without any preferential orientation (size 0.1 to 10    μ m), 
as shown in Figure  9.1   [13] . The different types of clays referred to in this chapter 
are summarized in Table  9.1 .      

  9.3 
 Morphologies of Lamellar Silicates - Polymer Nanocomposites 

 The properties achieved by nanocomposites are often related to their structures 
and to the states of dispersion of the tactoids in the polymer matrix. The works of 
Liu  [14]  and Liang  [15]  clearly correlate the state of exfoliation, the structure and 
the mechanical reinforcement. They identifi ed a critical weight ratio threshold 
where the nanostructure jumps from an exfoliated state, at low weight ratio, to a 
mixed state (exfoliated/intercalated) at higher weight ratio. These results show the 
importance of having a good knowledge of the studied system. Based on simple 

100 to 1000 nm

e = 1 nm

Platelet Primary particle Aggregate

8 to 10 nm μm100 to 1000 nm

e = 1 nm

Platelet Primary particle Aggregate

8 to 10 nm 0.1 to 10 μm

     Figure 9.1     Montmorillonite multiscale structure.  (Reprinted from  [13] ; Copyright (2004) with 
permission from Elsevier).   

 Table 9.1     List of clays mentioned in this chapter. 

   Synthetic clay name     Clay type     Supplier  

  SOMASIF ™  ME100    Fluoro - hectorite or mica    UNICOOPJAPAN (JAPAN)  

  LUCENTITE ™  SWN    Sodic montmorillonite  

  LUCENTITE ™  SPN    MMT modifi ed with oxide 
PP alkylammonium  

  LUCENTITE ™  SAN    MMT modifi ed with ditallow 
alkylammonium  

  LAPONITE RD    Hectorite    LAPORTE INDUSTRIES (USA)  

  OPTIGEL SH    Hectorite    S Ü D CHEMIE (GERMANY)  

  OPTIGEL    Sodic Montmorillonite    S Ü D CHEMIE (GERMANY)  

  TIXOGEL    MMT modifi ed with 
Dimethyl - tallow - benzyl 
ammonium  

  S Ü D CHEMIE (GERMANY)  
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cases in layered silicate nanocomposites, four different layer organizations can be 
differentiated, as shown in Figure  9.2   [16] . In the case of low interactions and/or 
poor blending conditions, the clay layers form an immiscible phase, that is, micron 
size agglomerates, in the polymer matrix. This system is thus equivalent to a 
traditional microcomposite. The intercalated nanostructure is described when a 
few polymer chains are able to diffuse in the interlayer space. When all the layers 
are homogeneously dispersed as single layers in the matrix, the nanostructure is 
called ordered exfoliated when there is orientation or disordered exfoliated if there 
is no orientation. In practice, the organization of the clay layers in the matrix is 
more complicated  [17 – 19]  than fully exfoliated or intercalated and is, rather, a 
mixture of both. The concept of order/disorder has to be introduced as well as the 
co - existence of exfoliated, intercalated and immiscible clay layers categories to fully 
describe the various polymer clay morphologies. In order to describe the state of 
exfoliation and/or intercalation, two analysis tools are widely used because the 
results obtained by these techniques are quite easy to interpret. The evolution of 
the interlayer distance can be followed by X - ray diffraction ( wide - angle X - ray scat-
tering ,  WAXS ) but in some cases (for example a random orientation of the layers, 
a large amount of clay, an inhomogeneous distribution of surfactant in the inter-
layer space, or a distribution of interlayer distance), it can lead to a false and 
incomplete interpretation of the nanostructure. For these reasons, many authors 
 [19, 20]  suggest to compare the results obtained by WAXS with direct observations 
of the clay layers by  transmission electron microscopy  ( TEM ). The main problem 
with TEM is that the volume probed is very small and may not be representative 
of the nanocomposite as a whole. The dispersion state of clay platelets in polymer 

     Figure 9.2     Description of the possible dispersion states of clay in a nanocomposite. 
 (Reprinted from  [16] ; Copyright (1999) with permission from Elsevier).   
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matrices cannot be reliably described with TEM or WAXS alone. There is a real 
need to develop quantitative characterizations tools. Recent approaches using dif-
ferent investigation techniques such as rheology  [19] , nuclear magnetic resonance 
 [21] ,  small - angle X - ray scattering  ( SAXS )  [22]  and TEM image analysis  [23]  have 
resulted in successful quantifi cation of nanostructure orientation and dispersion. 
Mostly,  in situ  SAXS would be preferred because the investigated volume is 1000 
times larger than with TEM and could give a more averaged characterization. 
 [24 – 28] . So, we have to be careful with most of the results found in the literature 
on the  “ fully exfoliated ”  nanocomposites, so designated just because the WAXS 
peak disappeared from the X - ray window.   

 A recent  image analysis procedure  ( IAP ) based on TEM/ OM  ( optical micros-
copy ) observations allowed a more precise defi nition of the level of clay    –    exfoliation 
in polyolefi n and polyamide matrices  –  and also evaluation of different particle 
parameters such as thickness, length, aspect ratio and interplatelet distance  [29] . 
The morphologies determined from the IAP matched up well with both the rheo-
logical measurements and a detailed analysis of the tactoid thickness distribution 
obtained by SAXS  [30] . This good correlation shows that the volume probed by the 
IAP is fairly well representative of the whole material.  

  9.4 
 Chemical Modifi cation of Lamellar Silicates for Epoxy Networks 

 There are several ways to modify 2   :   1 phyllosilicates. Clay functionalization can be 
carried out by adsorption, whether involving chemical linkages (chemisorption or 
grafting), electrostatic interactions (compensation of electrical charges) or only 
weak intermolecular interactions (physisorption) between the adsorbent (clay 
platelet surface) and the adsorbate (any chemical bearing one or more functional 
groups). The adsorbent surface may be either the external surface of clay platelets, 
or the internal surface of clay galleries, or even the border of clay platelets  –  
depending on the electrical charges on the surface of the layers, the nature of the 
interlayer compensating cations and the sterical hindrance effect due to the dif-
ference between the adsorbate molecular size and the pristine  d  001  spacing of the 
clay. Moreover, such interactions involve a wide variety of bonding mechanisms 
and energies resulting in organic – inorganic materials of variable stability. Clays 
can be made compatible or reactive towards epoxy network precursors. When the 
clay is functionalized with epoxy groups, the organoclay should be miscible with 
the epoxy network, whereas if clay is modifi ed with amine, anhydride or carboxylic 
groups for instance, the epoxy monomers can react with the reactive groups avail-
able on the clay surface. 

  9.4.1 
 Different Chemistries for Modifi cation of Lamellar Silicates 

 The ordinary procedure to adsorb a chemical containing a charge - bearing group 
(i.e., an ionized molecule) on the internal surface of clay galleries is a cation 
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exchange process: the cations borne by the adsorbate are then substituted by 
compensating cations. Several works  [31, 32]  have shown, by NMR spectroscopy, 
that the opening of oxirane cycles in  diglycidyl ether of bisphenol A  ( DGEBA ) 
monomer was initiated by the carboxylic groups carried by the primary ammo-
nium (H 3 N + (CH 2 )  n    - 1 COOH), because their acid function has the ability to polymer-
ize with epoxy monomer intercalated between the layers. Thus, this intragallery 
polymerization exfoliates the clay in the polymer matrix and a nanocomposite 
forms. However, the cationic exchange is usually carried out with alkylammonium 
ions  [33]  resulting in the protonation of aliphatic or aromatic amines in an acidic 
medium. Their basic formula is CH 3  – (CH 2 )  n   – NH 3  +  with  n  varying between 1 and 
18. The length of the ammonium ions has a strong effect on the resulting structure 
of the nanocomposites. The amine functionality also has an impact on the fi nal 
properties of the materials. The works of Zilg  et al.   [34]  showed that organoclay 
modifi cation with protonated primary amines gives a much better toughness/
stiffness balance compared to those modifi ed with protonated secondary and terti-
ary amines or quaternary ammonium cations, respectively. Because of the nonpo-
lar nature of their chain, they reduce the electrostatic interactions between the 
silicate layers and lower the surface energy of the layered silicate so that an optimal 
diffusion of the polymer during the exfoliation process can be obtained. A few 
values of surface energy, determined by capillary ascension, on various commer-
cial organoclays modifi ed by cationic exchange are presented in Table  9.2 . However, 
these nonpolar chains of alkylammonium ions makes them poorly compatible 
with the epoxy monomer that has a higher polarity (  γ   s    =   41.6   mJ   m  − 2 )  [35] . The use 
of adducts made from the reaction of epoxy monomer and alkylamines allows 
improvement in the compatibility between the surface modifi er and the epoxy 
matrix  [36] . However, the commonly used alkylammonium surfactants have 
limited thermal stability, in some cases less than the nominal processing tempera-
ture of the polymer. Initial degradation of the ammonium surfactant generally 
occurs by a Hofmann (  β   - elimination) process, which depends on the basicity of 
the anion, the steric environment around the ammonium, and the temperature 
 [37] . Numerous concepts have been proposed that offer alternatives to conven-
tional alkylammonium - modifi ed lamellar silicates when thermal limitations are a 
concern. Efforts have been made to synthesize thermally stable organoclays based 
on imidazolium  [21] , pyridinium or phosphonium surfactants  [38, 39] . The utiliza-
tion of these new ionic liquids as surfactant increases the initial decomposition 
temperature  [40]  and improves the thermal stability  [38] .   

 The grafting of hydroxy groups on platelet edges by organosilanes with 
different functionalities facilitates production of organically modifi ed clays 
where organic moieties are covalently bonded and chosen in accordance with the 
matrix  [41 – 43] . To make the organoclay reactive towards an epoxy matrix,  γ  -
 aminopropyltriethoxysilane is a usual choice to bring polar functions and lower 
the surface energy of the organophilic montmorillonite already exchanged with 
alkyl ammonium ions  [44] . To obtain a successful grafting, a long reaction time 
is necessary so that the organosilane molecules have time to diffuse up to the 
reactive sites  [43] . The use of an already organically exchanged clay is convenient 
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to help the diffusion of the organosilanes and to favor the exfoliation. Otherwise, 
the covalent grafting on the layer edges can prevent the exfoliation of layers col-
lapsed by the organosilanes that can react between themselves  [41] .   

  9.5 
 Dispersion and Structuration of Lamellar Silicates in the Initial Formulation 

 The incorporation of the  organo - modifi ed lamellar silicate s ( OLS ) to epoxy prepoly-
mers and hardeners is discussed in this section. The swelling behavior, the rheo-
logical properties and the exfoliation/intercalation processes will be analyzed. 

 Table 9.2     Surface energies determined on commercial montmorillonites modifi ed with typical 
alkylammonium ions. Note:  HT  means hydrogenated tallow which is a fatty chain distribution 
with the following composition: 65%C 18 , 30%C 16  and 5%C 14.    Adapted from  [31] .   

   Trade name     Supplier     Chemical structure      γ s (mJ   m  − 2 )  

  Cloisite Na +         Na +     44.0  ±  2.0  
  Cloisite  ®   10A  

  

N+
H3C

CH3

HT

CH2

    

  30.0  ±  2.0  

  Cloisite  ®   15A  

  

N+ HTHT

CH 3

CH3     

  25.4 ±  1.0  

  Cloisite  ®   30B    Southern Clays 
(USA)  

  

H3C N+ CH2 OH
2

2

HT

    

  34.5  ±  2.0  

  Nanofi l  ®   784    S ü d Chemie 
(GERMANY)  

  

NH3
+

CH2 COOH

11     

  30.0  ±  1.0  

  Lucentite  ®   SAN    Unicoop Chemical 
(JAPAN)  

  

N+TH

CH 3

CH 3

HT

    

  27.0  ±  1.0  
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 First, we have to describe briefl y the different methods used in order to blend 
an OLS with a liquid. 

  9.5.1 
 Dispersion Methods 

 Depending on the order of introduction and experimental conditions, a different 
state of dispersion is achieved. 

   •      Direct mixing. The OLS are introduced in the liquid mixture of epoxy 
prepolymers and hardener under mechanical stirring. An improvement could 
be obtained using a high speed stirrer (from 2000 up to 10   000   rpm) but 
the main drawback is the increase in temperature; moreover the epoxy/
hardener mixture and the OLS could be introduced in a solvent (THF, 
acetone, etc.)  [45, 46]  and a complete exfoliation could be obtained  [47]  
because the viscosity is reduced and intercalation is favored; but the solvent 
needs to be removed, and can cause some bubbles in the fi nal material. 
Note that use of anhydride as hardener lowers the viscosity to a large extent 
compared with usual diamines  [34] . 

 Pre - intercalation of the OLS may be achieved by aging the blend with the 
epoxy prepolymer or the hardener (the monomer exhibiting strongest 
interactions).  

   •      Recently Wang  et al.   [48]  obtained a better exfoliated morphology with so - called 
 “ slurry - compounding ” . The clay was fi rst swollen in water and then transferred 
in a clay – ethanol slurry and the water was gradually removed. A coupling agent 
( γ  - aminopropyl trimethoxysilane) was added and blended with the epoxy 
monomer. Finally, ethanol was removed by gentle heating.  

   •      In viscous systems, a two or three roll - mill can be used to provoke high shear 
stress and favor dispersion and intercalation  [49] .  

   •      Another improvement is ultrasonic mixing which helps the prepolymer 
mobility due to the shear effect which can break the large tactoids.    

 The obtained structures and morphologies could be followed by microscopies, 
WAXS or SAXS (see Section 9.3), but the rheological behavior gives better infor-
mation on the structuration of the mixture at a larger scale. An initially miscible 
rubber or thermoplastic could also be added as a processing aid  [22, 23] .  

  9.5.2 
 Evolution of the  OLS  Structuration in the Initial Formulation 

  9.5.2.1   Swelling 
 The structuration of OLS in organic media was widely studied by Moraru  [50] .The 
swelling is favored by high polarity and the organophilic character of the solvent, 
by high quantities of organic modifi er and by long chain ammonium ions. The 
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obtained liquids generally follow a Bingham rheological model with a yield stress. 
A physical gel can occur with time, depending on the OLS volume fraction. Becker 
 et al.   [51]  studied the interactions of various epoxy monomers with the same OLS. 
At equilibrium in the swollen state, the interlayer distance was roughly the same 
for the different monomers (39    Å  compared with 23    Å  for the dry OLS). LePluart 
 et al.   [13]  studied, with WAXS and SAXS, the interactions of different OLS with 
epoxy/amine precursors. OPTC18 and OPTC8 are MMTs modifi ed by C18 or C8 
ammonium chains  [41] , Tixogel is a commercial MMT (benzyl dimethyl tallow 
modifi ed), (Table  9.1 ). They showed that short chain modifi ers had no infl uence 
on swelling and that C18 was more effi cient. OPTC18, which has the highest initial 
 d  - spacing value, was slightly swollen by DGEBA but strongly swollen with Jef-
famine D - 2000, reaching a 5.4   nm  d  - spacing (Table  9.3 ). The different interactions 
between the OLS and the epoxy/amine precursors make it not obvious that the 
stoichiometric ratio is kept between the galleries. Under the same conditions 
Boukerrou  et al.   [52]  showed that mica was less swollen than organo - modifi ed 
hectorite or MMT.    

  9.5.2.2   Physical Gelation 
 As swelling proceeds and depending on interactions, temperature and OLS 
amount, percolation of the swollen primary particles can take place to form a 
physical gel which can be identifi ed by frequency dependent measurements  [13] . 

 Table 9.3      d  - Spacing of organoclay in a dry state at room temperature and in suspension at 
80    ° C in  DGEBA  or Jeffamine  D  - 2000.   Adapted from  [13] .    

         d  001  in a dry state (nm)      d  001  in DGEBA (nm)      d  001  in D - 2000 (nm)  

  OPTC8    1.36    1.36    1.36  
  TIXOGEL    2.02    3.42    3.62  
  OPTC18    3.16    3.45    5.42  

 Table 9.4     Loss angle, storage modulus, stress and strain at break measured on 5   phr 
organoclay gels in  DGEBA  and Jeffamine  D  - 2000 during stress sweeps at 10   rad   s  − 1  and 80    ° C.  
 Adapted from  [13] .   

   Dispersion 
medium  

   Org - MMT     Loss angle ( ° )     Storage 
modulus (Pa)  

   Stress at 
break (Pa)  

   Strain at break 
(%)  

  DGEBA    Tixogel    13    21    0.09    0.8  
      OPTC18    14    3   680    13    0.6  
      OPTC8    12    9   010    36    0.9  

  D - 2000    Tixogel    17    8    0.04    1.0  
      OPTC18    15    8    0.04    1.0  

      OPTC8    5    75   900    320    0.7  
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     Figure 9.3     Schematic representation of 
suspension structure without shear 
application: (a) brittle gel structure in a good 
solvent and (b) tough gel structure in a bad 
solvent and under shear application, (c) high 

relative viscosity fl uid structure in a good 
solvent and (d) low relative viscosity fl uid 
structure in a bad solvent ( Reprinted from 
 [13] ; Copyright (2004) with permission from 
Elsevier ).  

The measurement of storage modulus can give some information on the gel 
structure. The physical gel can be broken by applying a stress, leading to a gel – sol 
transition (Table  9.4 ). The threshold of the sol – gel transition depends on the effec-
tive volume fraction of OLS and its swelling behavior  [13, 52] .    
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  9.5.2.3   Viscosity of Suspensions 
 After the sol – gel transition the gel is destroyed and the viscosity of the suspensions 
can be measured. The apparent volume fraction can be determined using the 
Maron – Pierce model  [13] . The behavior is usually Newtonian and the Cox – Merz 
rule can be applied; sometimes a yield stress is found  [51] . So, it is possible to 
relate the observation at the nanometric scale (swelling) with the macroscopic one. 
There is an anti - correlation between the gel stiffness and the viscosity of the sus-
pension in both precursors, as suggested by Figure  9.3 . The more swollen primary 
particles gave the lowest gel strength and the highest viscosities in the liquid 
state  [13, 52] .    

  9.5.2.4   Thixotropy 
 Suspensions of OLS very often exhibit a thixotropic effect which could be followed 
by measuring the viscosity with increasing and decreasing shear rates. Le Pluart  et 
al.   [13]  observed, on a Tixogel/DGEBA suspension, the usual shear - thinning effect 
due to structural breakdown of the network followed by a shear - thickening effect 
(recovery) attributed to the increase in particle aspect ratio (anti - thixotropy). 

 In conclusion the interactions between the monomers and the OLS, before any 
reaction, are of huge importance, because they act as a preintercalation process 
leading to physical gels by percolation, or suspensions, depending on the shear 
rate during the mixing step. This organization is the fi rst step in understanding 
the exfoliation process in the reactive epoxy mixtures.    

  9.6 
 Structuration of Lamellar Silicates in a Reactive Medium 

  9.6.1 
 Structuration During Reaction 

 Crosslinked epoxies modifi ed with OLS are synthesized by  in situ  intercalative 
polymerization. In this case the exfoliation ability is dependent on the initial state 
of dispersion or swelling in the monomers or precursors, thus including their 
chemical nature (see Section 9.5). In the reactive medium there is now a competi-
tion between the intra -  and extra - gallery reactions because of the different stoichi-
ometry, a possible heat effect and a catalytic effect into the galleries. These effects 
could infl uence the intercalation/exfoliation balance. An example of the driving 
forces acting during intercalation/exfoliation processes is shown in Figure  9.4 .   

 During intercalation, the intergallery distance increases but this process depends 
on the thermodynamic equilibrium between the surface energy and the physical 
interactions with the monomers. As presented in the previous section, the epoxy 
and hardeners do not have the same interactions with the OLS and the swelling 
kinetics are different. Pioneering work of Park and Jana  [53]  shows that during 
polymerization the elastic energy can increase and push apart the layers but these 
forces could be balanced by the viscosity of the reacting monomers outside the 
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clay (Figure  9.4 ). This competition is exhibited by plotting the storage modulus 
versus the complex viscosity as a function of time (Figure  9.5 ). If the ratio  G ′  /  η   *  
is greater than 2 – 4   s  − 1 , exfoliation would occur. Using SAXS and an accurate analy-
sis through models, the distribution size of the agglomerates could be followed in 
real time experiments  [22] . It was found that an exfoliation of platelets can occur 
through the de - aggregation of large agglomerates into smaller particles of a few 
platelets. It is sometimes assumed that gel time represents the upper bound for 
exfoliation  [53] , but in this work the movements at scale of nanometers of clay 
primary particles are still possible after the gel point and thus kinetics and catalytic 
effects have a great importance  [22] .   

 Emulsion polymerization of epoxy in water was used by Lee  et al.   [54]  without 
any kind of ion - exchange reaction, and produced well - intercalated MMTs com-
posites. In a very nice work, Kong and Park  [26]  pointed out the infl uence of 
kinetics; reactive diamines such as  phenylene diamine  ( PDA ) or  4 - 4 ′  methylene 
dianiline  ( MDA ) favor gelation in the extra - gallery region and produced interca-
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     Figure 9.4     Schematic illlustration of the 
intercalated state and exfoliation process 
showing the forces acting on a pair of clay 
layers: (a) organically modifi ed clay: 

(b) epoxy - intercalated state: (c) forces acting 
on a two - particle tactoid.  (Reprinted with 
permission from  [27] ; Copyright (2003) 
American Chemical Society).   



 9.6 Structuration of Lamellar Silicates in a Reactive Medium  171

1.E+05

1.E+05

1.E+04

1.E+04

1.E+03

1.E+03

1.E+02

1.E+02

1.E+01

1.E+01
1.E+00

1.E+00

Exfoliated

Intercalated/partially
exfoliated

100D
125D
100P
125P
75D
50D
75P
200DDS
180DDS
160DDS

η+, Pa-s

G
+
, P

a

     Figure 9.5     Relationship between storage 
modulus and viscosity taken at various stages 
of curing of Epon 828 in a RMS rheometer. 
The legends 50D, 75D, 100D, and 125D, 
represent curing with Jeffamine D230 at, 
respectively, 50, 75, 100, and 125    ° C. 75P, 

100P, and 125P, represent PACM - cured 
system at 75, 100, and 125    ° C, while 160DDS, 
180DDS, and 200DDS represent DDS - cured 
epoxy at 160, 180, and 200    ° C ( Reprinted with 
permission from  [27] ; Copyright (2003) 
American Chemical Society ).  

lated structures. With  diamino diphenyl sulfone  ( DDS ), with a slow curing rate, 
a well - exfoliated structure was obtained. A unique S - shape pattern was obtained, 
increasing the extent of reaction at various temperatures (Figure  9.6 ). Three steps 
occurred: the fi rst was intercalation by the epoxy monomer, the second was expan-
sion of layers via epoxy reaction and the third was reaction and crosslinking 
within these clay layers.    

  9.6.2 
 Catalytic Effect of  OLS  on Epoxy Reactions and Gel Time 

 Many authors agreed on the fact that OLS catalyzed the epoxy reaction and 
decreased the temperature at which the reaction began.  [13, 25, 27, 28, 52, 55, 56] . 
The explanation is that the clay initiates an electrophilic attack on the epoxy ring 
and thus initiates an anionic ring - opening polymerization to form an ether - linked 
polymer (see Chapter  1 ). Even with complete systems (including hardener), the 
OLS have a catalytic effect on the reaction. In a DGEBA/Jeffamine D - 230 system, 
Park and Jana  [27]  showed that hexadecylammonium chloride reduced the 
gel time. In a DGEBA/ 4 - 4 ′  - methylenebis[3 - chloro - 2,6 - diethylaniline]  ( MCDEA ) 
mixture, Le Pluart  et al.   [28]  showed also the catalytic effect of OLS which reduced 
the gel time without any effect on the gel conversion. Hernandez  et al.   [57]  
described a catalytic effect in a DGEBA/methylene dianiline (MDA) blend with 
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Cloisite 30B, due to some metals ions introduced with the clay. This lowered the 
gel time, mostly infl uencing the extra - gallery reaction. An auto - catalytic kinetic 
model was proposed, taking into account the presence of clay. A similar effect of 
OLS on reaction kinetics was described by Ke  et al.   [58]  in an anhydride/epoxy 
system. Becker  et al.   [59]  compared the catalytic effect of different epoxy monomers 
with  diethyltoluene diamine  ( DETDA ). The catalytic effect was larger with DGEBA 
because the swelling and exfoliation were better, producing more organically 
modifi ed surfaces for catalysis.  

  9.6.3 
 Structuration at the End of Reaction 

 The presence of quaternary ammonium ions, introduced with the clay, has an 
infl uence on the glass transition temperature of the networks. Park and Jana  [27]  
showed a plasticization effect in epoxies cured with Jeffamine D - 230 or DDS with 
various ion amounts, without any clay. Le Pluart  et al.   [28]  studied the infl uence 
of clay organophilic treatment and of the curing agent on  d  - spacing at the end of 
the reaction (Table  9.5 ). With Tixogel, the  d  - spacing remained the same whatever 
curing agent was used. With OPTC18 the inter - gallery spacing further increased 
with both reactive mixtures. Such an improvement in the dispersion is not only 
due to the kind of OLS nor to the epoxy system chosen but is linked with interac-
tions and affi nity between the OLS and the epoxy precursors. Chin  et al.   [25]  
showed that in a DGEBA cured with equimolar or higher amounts of   m  - phenylene 
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diamine  ( MPDA ), only intercalated structures were obtained. Exfoliated nanocom-
posites were formed for DGEBA cured with less than stoichiometric amounts of 
MPDA or for the homopolymerization of DGEBA without curing agent. This 
result is in agreement with previous works which predict that the extra - gallery 
reaction must not be too fast in order to obtain an exfoliated structure. The infl u-
ence of the chemical nature and functionality of the epoxy monomer on the fi nal 
state of dispersion was studied by Becker  et al.   [59] , by comparing the cure of 
DGEBA (bifunctional),  TGAP  ( triglycidyl  p  - amino phenol ) (trifunctional) and 
 TGDDM  ( tetraglycidyl diamino diphenylmethane ) (tetrafunctional) with DETDA 
(diethyltoluene diamine). The DGEBA system gave better exfoliation than the 
monomers with higher functionalities. The less viscous system, the one with 
TGAP, did not give the best exfoliation, showing that structural mobility was less 
relevant than other parameters.   

 In conclusion, in a reactive medium the structuration of OLS nanocomposites 
depends on numerous parameters. The key to the exfoliation process during cure 
depends obviously on the state of intercalation before cure and thus on the phys-
ico - chemical interactions between the OLS and the different precursors, which 
allow swelling. The intra/extra - gallery reaction balance has to be controlled via a 
not too fast reaction, which allows the intra - gallery reaction to occur with the 
necessary rate to promote the exfoliation. 

 In every case the catalytic effect of OLS has been evidenced due to a catalytic 
intra - gallery reaction or through a general effect on gel times due to some metal 
ions introduced via the OLS. The presence of alkyl ammonium ions has a plasti-
cization effect and lowers the  T  g  of the networks.   

  9.7 
 Mechanical Properties of Lamellar Silicates - Modifi ed Epoxies 

 The mechanical properties of epoxy layered silicate nanocomposites have been 
widely studied, because these new modifi ers are a real alternative for reinforce-
ment compared with the usual fi llers  [6, 60] . Layered silicates can compete from 
both an economic point of view and the performances obtained with a very low 
amount of clay due to an exceptional aspect ratio. Mechanical properties (stiffness, 

 Table 9.5      d  - Spacing (in  Å ) of  OLS  (5   phr) in epoxy systems based on  DGEBA  and different 
hardeners at the beginning and at the end of reaction. Tixogel   =   tallow modifi ed;  OPTC 18 is 
octadecylammonium modifi ed.   Adapted from  [28] .   

   With 5   phr     Tixogel     Tixogel     OPTC18     OPTC18  

  Hardener    MCDEA    D - 2000    MCDEA    D - 2000  
  At the beginning    33.2    33.7    33    54.5  
  At the end of reaction    33.9    35    70    110  
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toughness and their balance) are mainly dependent on fi ller size, organophilic 
treatment and on intercalation/exfoliation dispersion state at the end of the reac-
tion. As was discussed in the previous section, the state of dispersion is strongly 
infl uenced by the processing conditions and the reaction kinetics. For clarity, this 
topic is divided into glassy networks (with  T  g  higher than room temperature, RT) 
and rubbery networks (with  T  g  lower than RT), after a brief presentation of the 
models used to simulate the modulus of nanocomposites. 

  9.7.1 
 Modeling the Modulus of Nanocomposites 

 The main trend is that the modulus increases, even for very low loadings. With 
OLS the main problem is the real aspect ratio and volume fraction to be used, 
due to the non - ideal dispersion and the presence of primary particles and aggre-
gates of unknown size. In rubbery matrices, it is possible to adapt Guth and 
Smallwood ’ s model, previously used for carbon black elastomers  [1] . The rubber 
elasticity theory was successfully employed by Le Pluart  et al.   [28, 41]  and Bouker-
rou  et al.   [61, 62]  to determine properly the Coulomb ’ s moduli and their evolution. 
An interface model has been introduced by Shia  et al.   [63]  to explain the discrep-
ancy between theoretical and experimental modulus and this gave good results 
with PDMS layered silicates taking into account the effective volume fraction. 
Takayanagi ’ s model has been revisited by several workers  [64] , by considering the 
interphase as a third phase, which has a considerable importance in nanoscale 
fi llers, due to the low volume fractions generally used, and could be used for 
thermosets. Recently, a multiscale micromechanical modeling has been proposed 
and checked for polyamide matrices  [65] . Furthermore, Sheng  et al.   [65]  have 
shown that no abrupt stiffness increase is noticed with the transition from inter-
calation to exfoliation and that exfoliation is not the optimal choice for stiffness.  

  9.7.2 
 Stiffness and Toughness of Glassy Epoxy Nanocomposites 

 In the case of glassy networks the incorporation of nanosilicates produces an 
increase in the modulus with a very low amount of fi ller that is dependent on the 
aspect ratio. An increase in tensile strength and a more brittle behavior are gener-
ally observed. Zerda and Lesser  [66]  showed an increase in modulus but a decrease 
in the ultimate stress for a DGEBA/Jeffamine D - 230 matrix reinforced with a 
modifi ed MMT (Figure  9.7 ). The toughness increased strongly (100%) with only 
3.5% of MMT (Figure  9.8 ). The main reinforcing mechanisms are associated with 
the decrease in the distance between the particles and the increase in roughness 
of the fracture surface  [67] . Furthermore, on a similar matrix, Wang  et al.   [60]  
showed that the compressive yield stress increased with the clay loading. Similar 
trends were found for high -  T  g  thermosets (tetra - glycidyl 4, 4 ′  - diamino - diphenyl 
methane, TGDDM/DDS)  [36]  reinforced by fl uohectorites but with a systematic 
decrease in  T  g.  The improvement increased with clay loading and was higher with 
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     Figure 9.7     Tensile behavior of intercaled nanocomposites with increasing clay concentration 
( Reprinted with permission from  [66] ; Copyright (2001) Wiley ).  
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     Figure 9.8     Changes in fracture toughness with increasing clay concentration in a DGEBA/
Jeffamine D - 230 matrix ( Reprinted with permission from  [66] ; Copyright (2001) Wiley ).  

particles modifi ed with organophilic imidazolinium ions than with unmodifi ed 
particles. Pioneering work of Zilg  et al.   [34]  examined the stiffness/toughness 
balance of more than 50 different epoxy/anhydride systems with various layered 
silicates such as fl uoromica, bentonite and synthetic hectorite, organo - modifi ed 
with various alkyl ammonium ions. In every case, there was an increase in both 
modulus and  K  Ic  values (up to 100%). Enhanced toughness was associated 
with the formation of dispersed anisotropic laminated nanoparticles consisting of 
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intercalated layered silicates. So the control of the supramolecular assemblies is 
the key to improved performance although completely exfoliated silicates pro-
moted mainly stiffness. In another work, Zilg  et al.   [68]  showed that the chain 
length of the alkyl ammonium ions must exceed six carbon atoms to afford an 
increased interlayer distance accompanied by increased stiffness and toughness. 
Lan  et al.   [69]  showed that the modulus improvement of epoxy networks was 
higher for MMT and hectorite than with laponite which has a lower aspect ratio. 
Furthermore, Lee  et al.   [54]  found that MMT gave a higher stiffness than  polyhe-
dral oligomeric silsesquioxane  ( POSS ) in a glassy epoxy network. Becker  et al.   [24, 
59, 70]  studied layered silicate nanocomposites based upon high - functionality 
epoxy resins (DBEBA, TGAP, TGDDM cured with DETDA). The modulus improve-
ment was the same for all the systems and reached 25% for 10   wt% MMT. Despite 
the stiffness improvement, the toughness increased also, up to 100% depending 
on the morphology (see Figure  9.9 ). Higher reaction temperatures improved clay 
delamination and simultaneously increased toughness and modulus  [24] . The free 
volume, measured by  positronium annihilation lifetime spectroscopy  ( PALS ), did 
not vary signifi cantly with cure temperature. Le Pluart  et al.   [28]  used two kinds 
of alkyl ammonium - modifi ed MMTs. One was Tixogel MP250 (benzyl dimethyl 
tallow) and a home - modifi ed MMT, OPTC18 (octadodecylammonium)  [13] . These 
MMTs were introduced at 5   phr (1   phr   =   1 part by weight per 100 parts by weight 
polymer) in a high -  T  g  thermoset, DGEBA/MCDEA. The Young ’ s modulus 
increased 60% for Tixogel but only 5% for OPTC18. In contrast,  K  Ic  reached 
1.16   MPa   m 0.5  for OPTC18 and 1.05   MPa   m 0.5  for Tixogel. In both cases these 
results were higher than those obtained with 5   phr of Aerosil 200 (silica). So, 
intercalated structures offer an interesting stiffness/toughness balance. Using 

     Figure 9.9     Normalized stress intensity factor of different DETDA cured epoxy systems 
containing 0 – 10% organoclay ( Reprinted from  [70] ; Copyright (2002) with permission from 
Elsevier ).  
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unmodifi ed synthetic saponite, Xue  et al.   [71]  showed an increase in the strength 
and stiffness for both rubbery and glassy epoxy matrices. This improvement was 
obtained through the high surface area associated with disordered clay primary 
particles. Wang  et al.   [48]  published a very interesting work on the DGEBA/
DETDA network. Two kinds of MMT were used and a good exfoliation state was 
obtained using a so - called  “ slurry - compounding ” . Such a process proved to be very 
effi cient and better than conventional mixing. It led to very high toughness values 
for nanocomposites containing 2.5   wt% fi ller. Using careful examination of the 
fracture surface and the damaged zone they showed that the initiation and devel-
opment of microcracks were the dominant microdeformation and fracture mecha-
nisms and that most of the microcracks were initiated between clay layers. In this 
case, the increase in the fracture surface area and crack defl ection were the major 
toughening mechanisms. For glassy epoxy networks, the introduction of different 
clays always improves the modulus, the tensile strength as well as the critical stress 
intensity factor measured at room temperature. It seems from recent papers that 
the best exfoliation state of dispersion does not give the best improvement and 
that the presence of disordered primary particles seems necessary to promote 
some specifi c toughening mechanisms.    

  9.7.3 
 Stiffness and Toughness of Rubbery Epoxy Nanocomposites 

 Most of the systems investigated in the literature were based on DGEBA/Jeffamine 
D - 2000 epoxy networks  [9, 28, 52, 61, 62, 72, 73] , and most of the time mechanical 
properties were determined using conventional tensile tests at room temperature 
(elongation at break, tensile strength, etc.). No attention was paid to intrinsic 
parameters (tearing energy) or specifi c tests such as fatigue, Mullin ’ s or Payne ’ s 
effects. Wang  et al.   [9, 60]  studied magadiite - modifi ed elastomeric epoxy networks. 
The magadiite was modifi ed by primary, secondary, ternary and quaternary alkyl 
ammonium ions and the tensile properties were improved with increasing degree 
of exfoliation. Both elongation at break and tensile strength were improved which 
is opposite to the behavior of conventional composites. Boukerrou  et al.   [61, 62, 
72]  compared the toughening effect of different fi llers (mica, hectorite, MMT), 
either unmodifi ed or modifi ed with C18 chains in DGEBA/D - 2000 matrices. In 
every case, modulus, strain, stress and energy at failure increased with fi ller 
loading and better results were obtained with modifi ed fi llers. For example, for 
5   phr clay, the modulus showed a 100% increase and simultaneously the work at 
break was multiplied by a factor 4. At the same loading, the modifi ed mica was 
the more effi cient (work at break multiplied by a factor  ∼ 6), hectorite was the worst 
and MMT gave intermediate values (see Table  9.6 ). Le Pluart  et al.   [28]  showed 
similar trends with organo - modifi ed MMT. The tensile properties, at the same 
loading, were similar to those obtained with Aerosil 200, a nanosized fumed silica. 
Ratna  et al.   [74] , studied nanocomposites based on DGEBA/Jeffamine D - 400, 600 
and 800. The improvement in tensile properties at room temperature was an 
increasing function of the initial matrix fl exibility, exhibiting thus a synergetic 
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effect. Higher fl exibility of the matrix facilitated the orientation of clay platelets 
resulting in a better strengthening effect, as also proposed by Lan  et al.   [73] .   

 In conclusion both glassy and rubbery epoxy networks are mechanically 
improved by nanolayered silicates. A very low loading of fi ller increases both the 
modulus and toughness, which is the major difference compared with conven-
tional composites. The effect is more pronounced for rubbers and is generally 
favored by the organophilic treatment of the clay. The structure – properties rela-
tionships are not obvious, especially for fracture properties, because it is now 
considered that full exfoliation is not the best for reinforcement and that the pres-
ence of some structured primary particles could be a good benefi t. In comparison 
with other rubbery composites with more conventional fi llers (carbon black, silica, 
etc.), there are not yet studies in the literature on Mullins ’  or Payne ’ s effects and 
on tear, wear or fatigue properties. This is probably the challenge of the next few 
years for these new materials.   

  9.8 
 Ternary Blends Based on Epoxy/Layered Silicates 

 Now we will report the effect of layered silicates in more complex epoxy systems, 
with three phases in the fi nal state. Numerous systems have been studied for a 
better reinforcement (synergy) with two kinds of fi llers or separated phases. Two 
main cases will be discussed. 

  1)     The fi rst case is the mixture of two additives, at least one OLS, not miscible 
in the epoxy precursors, incorporated to an epoxy matrix. An interesting paper 
deals with the incorporation of  core shell rubber particle s ( CSR ) in an epoxy/
clay matrix  [75] . In thermosetting systems based on Jeffamine D - 400 or 
cycloaliphatic diamine a huge synergy was obtained for fracture properties 
with  K  Ic  of 3.05   MPa   m  0.5  with only 5.4% clay and 3% CSR (compared with 
1.12   MPa   m  0.5  for the neat matrix). For carbon or glass fi ber composites, the 

 Table 9.6     Tensile properties of  DGEBA / D  - 2000 matrix at 25    ° C with 5   phr of different clays, 
unmodifi ed or modifi ed with  C 18 chains.    σ    b  is the stress at break,   ε   b  the strain at break,  W  b  
the work at break and  W  b / W  0  the relative work at break.   Adapted from  [52, 61, 62, 72] .   

   DGEBA/D - 2000 Matrix       σ   b  (MPa)       ε   b  (%)      W  b  (mJ)      W  b / V  (kJ   m  − 3 )      W  b / W  0   

  Neat    0.8  ±  0.048    69  ±  5.78    26  ±  3    285  ±  43    1  
  +5   phr MMT    0.95  ±  0.048    83  ±  2.71    43  ±  2    423  ±  24    1.48  
  +5   phr HECT    0.58  ±  0.06    36  ±  2.30    10  ±  7    105  ±  22    0.37  
  +5   phr MICA    1.1  ±  0.05    96  ±  4.20    50  ±  4    585  ±  54    2.05  
  +5   phr MMTC18    1.11 ±  0.045    91  ±  3.16    61  ±  5    556  ±  47    1.95  
  +5   phr HECTC18    1.03 ±  0.018    64  ±  1.58    38  ±  2    360  ±  19    1.26  
  +5   phr MICAC18    1.99  ±  0.07    153  ±  0.118    118  ±  18    1663  ±  22    5.84  
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introduction of OLS into the matrix or between the plies improved the 
toughness but did not improve the interlaminar shear strength  [76] .  

  2)     In a second case, an initially miscible additive (rubber, thermoplastic or 
precursors for sol – gel chemistry) was introduced in the initial mixture and 
phase separation appeared during reaction ( reaction - induced phase separation , 
 RIPS )  [67] , leading to a ternary - phase system. In this case the miscible additive 
could help the clay exfoliation, acting as a processing aid (see Section 9.5). 
This track is comparable to previous studies with conventional fi llers as glass 
beads in a rubber - modifi ed epoxy matrix to form hybrid composites  [77] . Many 
papers deal with rubber - modifi ed epoxies with OLS. Different rubbers were 
used: polyether rubbers  [23] , polyether polyols  [78] , carboxyl - terminated 
butadiene - acrylonitrile copolymers (CTBN)  [79] , or hyperbranched polymers 
 [51] . In most cases stiffness was the result of balancing the ratio of soft and 
hard fi llers and toughness was improved via multiple cracks and crack 
bifurcation mechanisms. Thermoplastics undergoing RIPS, such as PMMA, 
were also used, leading to signifi cant improvements in toughness  [57, 80, 81] . 
Ternary epoxy systems with two inorganic phases based on MMT and silica, 
made  in situ  via a sol – gel process, were also studied  [82] .     

  9.9 
 Barrier Properties of Nanoclay - Modifi ed Epoxies 

 When nanoclays are properly exfoliated in a polymer matrix, they give rise to the 
formation of homogeneously dispersed clay nanosheets of very large aspect ratio. 
These nanosheets are impermeable to other small molecules and act as barriers 
to their diffusion throughout the nanocomposite material  [1] . These nanobarriers 
make the diffusion pathway of the small molecules much more tortuous, decreas-
ing (sometimes by more than an order of magnitude) the permeability of the 
nanocomposite materials, as compared with the unfi lled polymer matrix. Param-
eters infl uencing tortuosity include the exfoliation, the aspect ratio, the layer ori-
entation and the physicochemical interactions between layer and matrix. In the 
works of Osman  et al.   [83] , oxygen and water vapor permeation properties were 
studied as a function of the clay surface treatment (hydrophilic or hydrophobic) 
introduced into an epoxy matrix. The incorporation of a small volume fraction of 
platelike nanoparticles in the epoxy matrix decreased its oxygen permeability coef-
fi cient to one - fourth. This can be attributed to the high aspect ratio (250 – 300) 
corresponding to a very high degree of hydrophilic fi llers exfoliation corroborated 
by TEM. The transmission rate of water vapor decreased with both types of fi llers 
but the performance of the hydrophobic clay was better (factor 2 at 5   vol%) than 
the hydrophilic one (40% at 5   vol%). This is in contrast to the oxygen permeability 
coeffi cient indicating that the permeant – composite interactions play an important 
role. The preparation of packaging with increased passive barrier properties has 
been tested commercially. Epoxy - amine adhesives were formulated for use in 



 180  9 Lamellar Silicate-Modifi ed Epoxies

packaging for cosmetics. The addition of different organophilic montmorillonites 
decreased strongly the oxygen permeability, as shown in Figure  9.10 . The strong 
interactions developed between the carboxylic acid groups carried by clay and the 
epoxy or amine monomers was the argument used to explain the barrier perform-
ance observed in this case. Ogasawara  et al.   [84]  reported on improved helium gas 
barrier properties of epoxy/MMT nanocomposites. They showed that the diffusion 
coeffi cient of the nanocomposite containing only 6   wt% clay was approximately 
one tenth than that of the unmodifi ed polymer  [84] . Signifi cant reductions in dif-
fusivity and maximum water uptake were also reported  [85, 86] . The decrease in 
the maximum water uptake was attributed to the lower water uptake of the nano-
clays compared to the epoxy matrix.    

  9.10 
 Conclusions 

 The composition and structural properties of natural and synthetic lamellar sili-
cates are now well established. They need to be described at different observation 
scales from the inter - gallery spacing up to the structure and aspect ratio of primary 
particles and their aggregates. The huge progress in surface chemistry (both inside 
the galleries and on the edge of platelets) make the lamellar silicates good candi-
dates for specifi c modifi cations which strongly affect their properties both in 
suspension and in the solid state. Special attention was paid to the specifi c interac-
tions promoting swelling and dispersion or governing the physical gel formation. 
Viscosity has a signifi cant effect on processability and on the resulting fi nal proper-
ties. It was shown that the kinetics of network formation is of huge importance 
in the intercalation/exfoliation process, especially through the difference between 
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intra -  and extra - gallery reactions. Different specifi c interactions of monomers and 
diffusion - controlled access to the intra - gallery space can generate local modifi ca-
tions of stoichiometry and crosslink density. 

 Very small loadings of OLS lead to a signifi cant increase in both stiffness and 
toughness, especially for rubbery epoxy networks. The use of a third component 
(rubber, thermoplastic, additional fi ller, etc.) can be a good strategy to improve 
processing and mechanical properties. Barrier and thermal properties as well as 
fl ame retardancy can also be largely improved by small amounts of OLS. Optical 
transparency could also be a potential advantage of these new materials. Applica-
tions for coatings, packaging and protective fi lms can be envisaged. OLS can also 
be used in epoxy composites, both as matrix - modifi ers or as a powder between 
laminates. The very low cost of these fi llers makes them very attractive for different 
applications. Issues that must always be considered are the variability in composi-
tion and structure of natural products and the safety problems associated with the 
manipulation of very small particles. 

 There are different challenges to be addressed in the next years. One big issue 
is related to the better structuration needed to improve a particular property as 
recent studies showed that full exfoliation does not necessarily give better proper-
ties. There is also a need to improve or adapt theoretical models to simulate 
mechanical properties of OLS - modifi ed epoxies considering their complex mor-
phology at different levels. There is also a strong need to characterize important 
properties such as fatigue, friction, tear, and Mullins ’  and Payne ’ s effects.  
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 Epoxy/Carbon Nanotube Nanocomposites  
  Luyi   Sun   and   Hung - Jue   Sue        

   10.1 
 Introduction 

  Carbon nanotube s ( CNT s), especially  single - walled carbon nanotube s ( SWCNT s), 
have attracted a great deal of interest  [1 – 4]  since they were fi rst reported in the 
early 1990s  [5] . Because of their superior tensile modulus ( ∼ 1   TPa)  [6 – 8] , strength 
(150 – 180   GPa)  [9] , electrical conductivity ( > 10 4    S   cm  − 1 )  [10] , and thermal conductiv-
ity ( > 200   W   m  − 1    K  − 1 )  [11, 12] , as well as large aspect ratio  [13] , CNTs have become 
ideal candidates for use in multifunctional polymer composite applications. The 
fi rst polymer nanocomposite using CNTs as a fi ller was reported in 1994 by Ajayan 
 et al.   [14] . Since then, CNTs have been extensively studied in a wide range of 
polymer matrices for composite applications  [15 – 20] . Considering that the diam-
eter of the SWCNTs is on the same scale as the polymer chains, SWCNTs are 
expected to reinforce their matrix material on the molecular scale. This interaction 
should greatly enhance the physical and mechanical properties of the material as 
a whole. Compared to SWCNTs,  multi - walled carbon nanotube s ( MWCNT s) have 
the advantages of being lower in cost and easier to disperse, both of which make 
MWCNTs ideal for large - scale polymer nanocomposites production. Overall, 
polymer/CNT nanocomposites show tremendous potential for high performance 
engineering applications. 

 Epoxy resins are an important class of polymers due to their strong adhesion 
and excellent overall mechanical properties, including high strength and stiffness, 
high chemical, thermal, and dimensional stability, and good creep and solvent 
resistance  [21] . These impressive performance characteristics, together with their 
good processability and reasonable cost, have enabled epoxy resins to be used in 
a variety of engineering applications. In particular, epoxy - based composites have 
been widely used as structural materials in aerospace, military, and sporting goods 
fi elds owing to their excellent performance. Incorporation of CNTs into epoxy is 
expected to further enhance the already high performance of epoxy and epoxy 
composites, and also bring additional functionalities, such as electrical and thermal 
conductivity, for applications where low weight, high strength, and high conductiv-
ity are of primary concern. 
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 In the past two decades, the continuous improvements in CNT synthesis, per-
formance, and price competitiveness  [22] , have made CNTs attractive for various 
commercial applications. Numerous approaches for preparing epoxy/CNT nano-
composites have been developed. However, huge challenges still exist to fully 
impart the high strength and conductivity of CNTs to epoxy; namely, to achieve 
good dispersion, adhesion, and the desired orientation of CNTs in the epoxy 
matrix. 

 Because of the intrinsic van der Waals force attraction, high surface area and 
high aspect ratio, CNTs are usually present in the form of bundles and ropes. 
Thus, dispersion of CNTs in a medium, especially in a high viscosity epoxy 
medium, becomes a challenge. The poor dispersion of CNTs not only dramatically 
reduces their reinforcing effi ciency, caused by the CNTs slipping by each other 
when forces are applied  [23, 24] , but also results in the formation of micro - voids 
in the nanocomposites. Furthermore, the improvement of dispersion of CNTs in 
an epoxy matrix is usually accompanied by an increase in system viscosity, which 
in turn might negatively affect subsequent dispersion, orientation and integration 
processes to prepare multi - functional epoxy nanocomposites. The increased 
system viscosity usually leads to processing diffi culties. 

 Because of their high aspect ratio and twisting characteristics, CNTs dispersed 
in a media are usually tangled with each other. The entanglement of CNTs 
usually lowers their reinforcing effi ciency and prevents subsequent dispersion 
of CNTs. Furthermore, alignment of CNTs in an orientation of interest can also 
fully impart their high electrical and thermal conductivity  [25, 26]  to the com-
posites. Thus, control of the orientation of CNTs in the epoxy matrix is highly 
desirable. 

 Poor adhesion between CNTs and epoxy is frequently observed and results from 
the atomically smooth non - reactive surface characteristics of CNTs. The lack of 
interfacial bonding limits the load transfer from matrix to CNTs. Poorly adhered 
CNTs are typically pulled out of the matrix upon failure, thus limiting their rein-
forcement effi ciency  [27] . 

 Tremendous research efforts have been made to address the challenges men-
tioned above, and signifi cant progress has been made. It should be noted that the 
quality of the CNTs utilized, such as purity and morphology, also has a signifi cant 
effect on the subsequent CNT treatment and nanocomposite preparation. For 
example, CNTs grown via  chemical vapor deposition  ( CVD )  [28, 29]  are usually 
well aligned and, therefore, easier to disperse. Since CNT synthesis and tube 
quality are different subjects and can be highly complicated, they are not covered 
in this review. Various approaches to improve the dispersion, orientation, and 
adhesion of CNTs are reviewed in this chapter. The resulting nanocomposite 
properties are described. Future research interests in epoxy/CNT nanocomposites 
are also discussed.  
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  10.2 
 Preparation of Epoxy/ CNT  Nanocomposites 

 A high degree of dispersion of the CNTs in the epoxy matrix is usually a prereq-
uisite for epoxy/CNT nanocomposite preparation. Many strategies, covering both 
processing techniques and CNT modifi cations, have been developed. In many 
cases, multiple treatments are combined to achieve an optimal result. Meanwhile, 
various CNT functionalization approaches have been developed to improve adhe-
sion. Some unique processing techniques have also been designed to help align 
CNTs in the epoxy matrix. 

  10.2.1 
 Processing Techniques 

 Ultrasonication is probably the most common dispersion tool for CNTs. Both bath 
and horn/tip ultrasonication devices have been frequently utilized  [30] . It is gener-
ally accepted that ultrasonication waves promote the break - up of big bundles and 
 “ peel off ”  individual CNTs located at the outer layer of the bundles, which results 
in gradual dispersion of the CNTs  [30] . High intensity and long duration ultra-
sonication treatment can lead to localized damage and shortening of the CNTs 
 [31, 32] . Such damage would lead to deterioration of the mechanical, electrical, 
and thermal properties of the CNTs. Ultrasonication has also been frequently used 
together with other treatments for promoting CNT dispersion, such as covalent 
and non - covalent functionalization, which will be detailed in the following 
sections. 

 Generally speaking, mechanical dispersion of CNTs in an epoxy matrix is more 
challenging than in thermoplastics, mainly because of the relatively low shear 
forces that are exerted on the epoxy - based systems to achieve dispersion  [33] . 
During regular mechanical or magnetic stirring processes, the shear force is 
usually not suffi cient to effectively disperse the CNTs in the epoxy. Attempts to 
intentionally enhance the system viscosity in order to increase shear force by 
lowering temperature have been reported  [34] . On the other hand, the system 
viscosity is frequently lowered by heating or adding solvents, which helps to 
promote the distribution of the partially dispersed CNT bundles  [35] . Typical high 
shear processing techniques widely used in thermoplastics fi elds, such as twin -
 screw extrusion, are rarely used for processing epoxies. Moniruzzaman  et al.   [36]  
mixed epoxy and SWCNTs in a laboratory scale twin - screw mixer and subse-
quently mixed the compound with a hardener. The multi - step high shear mixing 
led to a high degree of dispersion  [36] . However, it remains a challenge to scale 
up the process. Potential curing during mixing, as well as cleaning and prevention 
of cross - contamination, are among the issues to be addressed. 

 A calendaring approach, which utilizes adjacent cylinders rotating at different 
velocities to impart high shear stresses, has been adopted by several groups to 
address the dispersion of CNTs in epoxy  [37 – 41] . Unlike other types of mills which 
rely on both compression and shear, the calendaring approach is based virtually 
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on shear only. The general confi guration of a three - roll mill is shown in Figure 
 10.1 . The narrow gap between the rolls,   δ   g , combined with the mismatch in 
angular velocity of the adjacent rolls,   ω   1     <      ω   2 , results in high shear at the gaps 
between the rolls  [41] . Both the gap between the rolls and the angular velocities 
are adjustable, allowing the generation of various shear intensities. During process-
ing, a sample of epoxy/CNT mixture is added to uniformly coat the rolls in the 
mill and sheared for a certain period of time before collection. Because the mixture 
must pass through the gap between the rotating cylinders, the entire volume of 
the material is uniformly sheared. The shearing/collection process is repeated 
until the desired volume of dispersed epoxy/CNT mixture is obtained. The strong 
shear from this approach gives rise to a high degree of CNT dispersion in the 
epoxy matrix. This approach represents a signifi cant advance toward development 
of solvent - free, scalable manufacturing processes  [41] .   

 While the above - developed processing techniques signifi cantly improve the dis-
persion of CNTs in the epoxy, they usually have little impact on the adhesion 
between CNTs and the epoxy matrix. Thus, surface treatment of CNTs is still 
essential, especially for structural applications where mechanical properties are of 
primary concern.  

  10.2.2 
 Non - Covalent Functionalization 

 Functionalization of CNTs addresses both dispersion and adhesion needs. Tech-
niques regarding both non - covalent and covalent functionalization of CNTs have 
been extensively explored  [20] . Non - covalent functionalization involves the non -
 covalent attachment of molecules on CNT surfaces, typically through wrapping 
 [42]  or encapsulating  [43, 44] . These are mainly based on van der Waals forces and 
are controlled by thermodynamic criteria  [42] . To optimize the dispersion, it is 
usually desired to attach molecules which help prevent the re - aggregation of CNTs 
by creating electrostatic repulsions  [45]  and/or steric hindrance  [46]  between 

     Figure 10.1     Schematic showing (a) the general confi guration of a three - roll mill and (b) the 
region of high shear mixing between the feed and the center rolls ( reprinted with permission 
from  [41] , copyright 2006 Elsevier ).  
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CNTs. The attached molecules may also alter the surface properties of the CNTs, 
making them more compatible with certain types of solvents and epoxy mono-
mers. One major advantage of non - covalent functionalization is that this approach 
can effectively improve CNT dispersion without damaging the CNTs; thus there 
is no tube property degradation  [16, 20, 30] . Although the non - covalently attached 
molecules might help form a better interface between the CNTs and the epoxy, 
potentially improving the adhesion between the CNT and the surrounding epoxy 
matrix, the lack of chemical bonding at the interface usually does not allow for 
effective load transfer. As a result, the improvement in mechanical properties is 
typically limited  [16, 20, 30] . 

 One of the most typical methods of non - covalent functionalization is based on 
amphiphilic molecules such as surfactants. Usually, the hydrophobic part of the 
amphiphilic molecules interacts preferentially with the CNT surface, while the 
hydrophilic part induces electrostatic repulsions between CNTs to help disperse 
them  [45] . A number of surfactants that are compatible with epoxy systems, includ-
ing polyoxyethylene - 8 - lauryl ether  [47] , hexadecanoic acid  [45, 48] , polyoxyethylene 
octylphenyl ether  [49] , and Tergitol NP 7  [50] , have been adopted for the prepara-
tion of epoxy/CNT nanocomposites. Barrau  et al.   [45, 48]  achieved a high degree 
of CNT dispersion in an epoxy by choosing hexadecanoic acid as a surfactant at 
proper concentrations with the help of ultrasonication, as evidenced by the low 
electrical conductivity percolation threshold of their nanocomposites  [45] . 

 Amphiphilic block copolymers can be considered as a group of special sur-
factants, which are also widely used for non - covalent functionalization  [51] . Zhao 
 et al.   [52]  demonstrated the effective dispersion effect of a commercial block -
 copolymer Disperbyk - 2150 (BYK - CHEMIE GmbH, Germany) with MWCNT in 
ethanol, as shown in Figure  10.2 . It is believed that in a selected solvent, the 
lyophilic blocks are readily dissolved, thus their radii of gyration are increased, 
while the lyophobic blocks are adsorbed onto the CNT surface. During ultrasonica-
tion, the CNT agglomerates gradually break up and the lyophilic blocks form steric 
stabilization layers. These allow the CNTs to remain dispersed, as schematically 
demonstrated in Figure  10.2 . Both Li  et al.   [53]  and Cho  et al.   [46]  utilized the same 
block copolymer and achieved signifi cant improvements in mechanical properties 
for the epoxy/MWCNT nanocomposite.   

 Another group of effective non - covalent functionalization agents of CNT are 
nitrogen - containing compounds  [54] . The exact nature of the attractive interaction 
between CNTs and nitrogen - containing compounds is still not clear. A charge 
transfer interaction between nitrogen and CNTs, and hydrogen bonding between 
ammonia and CNTs are possible causes  [54] . A recent study using  Fourier trans-
form infrared  ( FTIR ) spectroscopy revealed that, during amine functionalization, 
the amino groups were uniformly introduced onto the MWCNT surface, which 
resulted in an enhancement of the polarity on the surface and provided a condition 
to form strong interfacial interactions between the fi ller and matrix  [55] . Because 
diamines are typical curing agents for epoxy, amine (especially di -  or poly - amine) 
dispersed CNTs appear to be good candidates for epoxy/CNT nanocomposites 
applications. Brown  et al.   [54]  dispersed SWCNTs in a diamine, Jeffamine D2000, 
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with the help of ultrasonication. Jeffamine D2000 was also used to cure the epoxy 
in the subsequent nanocomposite preparation. Due to the preferred attraction of 
D2000 on the SWCNT surface and the steric stabilization by the long alkyl chain 
of D2000, the dispersion was improved signifi cantly, and a low percolation thresh-
old of 0.05   wt% was achieved.  

  10.2.3 
 Covalent Functionalization 

 Compared to non - covalent functionalization, covalent functionalization not only 
improves the dispersion of CNTs, but can also potentially introduce chemical 
bonding between functionalized CNTs and an epoxy matrix, thus making it par-
ticularly suitable for load - bearing structural applications. To maximize the interac-
tion between CNTs and epoxy, the functionalized CNTs are usually designed to 
serve as cross - linkers for the epoxy, which allows them to be integrated into the 
epoxy network  [56, 57] . According to molecular simulation  [58] , the shear strength 
of a polymer/CNT interface can be increased by over one order of magnitude with 

     Figure 10.2     SEM of MWCNTs dispersed in 
ethanol after one hour of ultrasonication: (a) 
without and (b) with Disperbyk - 2150 block 
copolymer at a weight ratio of Disperbyk - 2150 
to MWCNT   =   0.20 ( reprinted with permission 

from  [52] , copyright 2003 Elsevier ) and a 
schematic of the dispersion mechanism 
( reprinted with permission from  [46] , 
copyright 2008 Elsevier ).  
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the introduction of a low density of chemical bonds ( < 1% of CNT carbon atoms) 
between the CNT surface and the matrix. On the other hand, the functionalization 
of CNT surfaces introduces extreme physical and chemical conditions that usually 
results in defects on CNT surfaces  [59, 60] . These defects lead inevitably to deterio-
ration in the mechanical, electrical, and thermal properties of CNTs. Theoretical 
modeling has predicted that a high degree of sidewall functionalization would 
degrade the mechanical strength of CNTs by about 15%  [61] . Considering the 
extremely high strength of CNTs, such a minor reduction in mechanical strength 
should not affect the overall reinforcement effect of CNTs in polymers. However, 
the deterioration in electrical properties (and probably thermal properties as well) 
might be more profound because each covalent functionalization site scatters 
electrons  [16] . 

 Most functionalization of CNTs begins with surface oxidation, including strong 
acid oxidization  [59, 60] , ozone oxidation  [62 – 64] , plasma oxidation  [65 – 67] , and 
fl uorination  [68 – 70] . Strong acid oxidization is the most frequently used oxidation 
approach for CNTs, usually involving sulfuric acid, nitric acid, or their mixture. 
Sometimes, hydrogen peroxide is also added to assist the oxidation reaction  [71] . 
The oxidized CNTs from the above approach typically contain carboxylic acid 
groups ( – COOH), carbonyl groups [ – C(O) – ], and hydroxy groups ( – OH) on their 
side wall surfaces and end caps  [72] . Oxidized CNTs can be further treated with 
hydrochloric acid to promote the formation of carboxylic acid groups (converting 
carboxylate groups to carboxylic acid groups)  [73, 74] . Oxidized CNTs have better 
solubility and can form well - dispersed electrostatically stabilized colloids in water 
and organic solvents  [75] . When the oxidized CNTs are directly used for epoxy/
CNT nanocomposite preparation, improvement in mechanical and thermal 
properties is already evident, which can be mainly attributed to their improved 
dispersion  [76] . 

 The functional groups on the oxidized CNT surfaces, primarily the carboxylic 
acid groups, provide a large versatility for subsequent derivatizations due to their 
rich chemistry. Most of such derivatizations are aimed at achieving better adhesion 
between the CNTs and the epoxy. Quite a few derivatization routes have been 
developed so far. Either the carboxylic acid groups or the further derivatized func-
tional groups can react with either the epoxy monomer or the curing agents. 
Owing to the multi - functionality on the CNT surfaces, crosslinking of CNT with 
the epoxy network is also possible. 

 The carboxylic acid groups on CNT surfaces can directly interact with epoxy 
resin via a ring opening reaction, as shown in Figure  10.3   [36, 77 – 79] . By employ-
ing di - epoxide (such as epoxy monomers) or poly - epoxide molecules, unreacted 
epoxide groups remaining on CNT surfaces can participate in the subsequent 
curing reaction, thus integrating the CNTs into the epoxy network  [78] . This reac-
tion should be performed before adding curing agent, which might also react with 
carboxylic acid groups on the CNT surfaces.   

 Another widely adopted derivatization of carboxylated CNTs is to interact with 
amines, especially di -  or poly - amines  [27, 71, 73, 80 – 82] . Amine molecules interact 
electrostatically with the carboxylic acid groups on the CNTs surface. The extra 
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amine molecules can also be non - covalently attached to CNT surfaces. Thus, the 
grafting of di -  or poly - amines on CNT surfaces would help introduce un - reacted 
amino groups on each CNT. Because amines are typical curing agents for epoxy, 
the unreacted amino groups can be co - cured with epoxy resin, integrating the 
CNTs into the epoxy network. Sun  et al.  grafted a dendritic polyamine, generation 
0 polyamidoamine (PAMAM - G0), onto carboxylated SWCNTs (Figure  10.4 ), which 

     Figure 10.3     Reaction scheme between 
carboxylated CNTs and di - epoxide molecules 
(not drawn to scale). Di - epoxide molecules 
introduce extra epoxide groups to the CNTs, 
which can react with the curing agent to 

covalently integrate CNTs into the epoxy 
network ( reprinted with permission from  [77] , 
copyright 2003 The American Chemical 
Society ).  

     Figure 10.4     Schematic (not drawn to scale) 
of functionalization of SWCNT by PAMAM -
 G0. PAMAM - G0 molecules introduce extra 
amine groups to the SWCNTs. The extra 

amino groups can be co - cured with epoxy 
monomers to integrate SWCNTs into the 
epoxy network ( reprinted with permission 
from  [81] , copyright 2008 Elsevier ).  
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were subsequently co - cured with epoxy matrix. The two - step functionalization led 
to signifi cantly improved dispersion and adhesion, and much better reinforcement 
effect in epoxy than that from pristine SWCNTs  [81] .   

 Alternatively, amine molecules can be grafted onto carboxylated CNTs via an 
intermediate reaction between carboxylated CNTs and thionyl chloride  [74] , as 
shown in Figure  10.5 . This route of reaction generates covalent bonds between 
CNTs and amino groups that are stronger than the electrostatical interaction 
discussed above. However, this route requires one more step of reaction and 
purifi cation. Several groups have  [83 – 85]  adopted this approach for epoxy/CNT 
nanocomposite applications. The nanocomposites prepared have exhibited satis-
factory dispersion and adhesion of the CNTs with the epoxy matrix, as well as 
signifi cant improvements in both mechanical and thermal properties.   

 Ozone treatment  [62 – 64]  and plasma treatment  [65, 66]  have also been adopted 
to oxidize CNTs. Detailed characterizations of the treated CNTs have shown that 
both techniques can generate the same functional groups as strong acid oxidiza-
tion, including carboxyl, carbonyl, and hydroxy groups  [62, 63, 65, 66] . Ozone 
oxidation is sometimes performed with  ultraviolet  ( UV ) light for a better oxidation 
effect  [63, 64] . Both ozone oxidation and plasma oxidation were claimed to be a 
milder process that would result in less damage to CNT surfaces  [63, 66] . 

 Fluorination of CNTs and the subsequent derivatization  [68 – 70]  provide another 
versatile tool for the functionalization of CNTs for nanocomposite applications. 
The fl uorination of CNTs signifi cantly enhances their chemical reactivity and solu-
bility while maintaining their mechanical properties and thermal conductivity 
because no carbon atoms are displaced and the tube structure remains defect - free 
 [68, 79, 86] . Several fl uorination approaches, including direct fl uorination  [68] , 
oxy - fl uorination  [87] , and plasma - assisted fl uorination  [88]  of CNTs, have been 
developed. Fluorinated CNTs are soluble in alcohols and other polar solvents  [69, 
70] . Thus, they can be directly mixed with epoxy monomer and curing agent for 
the preparation of epoxy/CNT nanocomposites, and have been reported to be very 
effective in reinforcement of epoxy  [86] . 

 The fl uorinated CNTs can be further functionalized by reacting with amines, 
as shown in Figure  10.6   [70, 79, 82] . In particular, when excess di -  or polyamines 
are used to functionalize fl uorinated CNTs, extra amino groups can be left on the 
CNT surfaces, allowing the subsequent co - curing with the epoxy formulation  [79, 
82] . Owing to the improvements in both dispersion and adhesion, the epoxy 

     Figure 10.5     Schematic (not drawn to scale) of functionalization of CNT by thionyl chloride 
and diamine. The extra amino groups can be co - cured with epoxy monomer to integrate CNTs 
into the epoxy network ( reprinted with permission from  [85] , copyright 2007 Elsevier ).  
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nanocomposites prepared with amine - derivatized fl uorinated CNTs exhibit sig-
nifi cantly improved mechanical properties  [79, 82] .    

  10.2.4 
 Effect of  CNT  on the Curing of Epoxy 

 In the majority of the literature, the authors typically adopted the same formula-
tions and procedures to cure epoxy/CNT samples as with the neat epoxy control. 
The comparison is based on the assumption that the addition of CNT will have 
little or no effect on the curing of epoxy, including the curing reaction stoichiom-
etry and curing reaction kinetics. Unfortunately, this is not the case for most 
epoxy/CNT systems. The surface functionalized CNTs, especially those that are 
intended to be integrated into an epoxy network, are usually expected to be involved 
in the curing reaction. In some cases, after the functionalization of the CNTs the 
excessive functionalization agent is left in the epoxy system, potentially interfering 
with the intended curing reaction. Even pristine CNTs can potentially affect the 
curing kinetics by altering the physical properties of the epoxy, such as thermal 
conductivity. 

 In general, the effect of CNTs on the curing reaction of epoxy can be categorized 
into two scenarios: (i) CNTs themselves are not involved in curing reactions, but 
change the physical properties of the epoxy, which in turn alters the curing kinet-
ics; (ii) the functional groups on the surface of CNTs participate in the curing 
reaction. In some cases, functionalized CNTs may have multiple effects on epoxy 
curing. Various degrees of CNT functionalization and CNT concentrations may 
also infl uence curing reactions to a different degree or sometimes with opposite 
effect, which might account for some inconsistent fi ndings reported in the 
literature. 

 Pristine CNTs have been reported to accelerate the epoxy curing reaction  [89 –
 91] , as evidenced by higher initial reaction rates  [90] , lower initial reaction tem-
peratures  [91] , and a shift of the exothermic reaction peak to lower temperatures 
 [89]  during isothermal DSC characterization. With increasing concentrations of 
CNTs, the time to the maximum reaction rate is decreased  [90] . Such an accelera-
tion effect is caused either by the extremely high thermal conductivity of CNTs 
 [89]  or by a low concentration of hydroxy groups on the CNT surface formed during 
the CNT purifi cation process, which may catalyze the ring opening of the epoxide 
in the initial stage of reaction  [90] , or both. Meanwhile, it has also been found that 

     Figure 10.6     Schematic (not drawn to scale) of reaction between fl uorinated CNT and 
diamines ( reprinted with permission from  [70] , copyright 2005 Elsevier ).  
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the addition of CNTs into epoxy decreases the overall degree of cure compared to 
neat epoxy under the same curing conditions, which is possibly due to the steric 
hindrance of CNTs impacting the mobility of the monomers and curing agent. As 
a result, the glass transition temperature ( T  g ) of the epoxy/pristine CNT nanocom-
posite is usually lower than neat epoxy according to some reports  [91, 92] . 

 Most of the covalent functionalization of CNTs starts from their oxidation, which 
helps form carboxylic acid and hydroxy groups on the CNT surfaces  [72] . The 
potential effect from hydroxy groups has been discussed above  [90] . If amine 
curing agents are chosen, they could react with the carboxylic acid groups on the 
CNT surface, altering the curing reaction stoichiometry (leaving excess epoxy 
monomer), and subsequently changing the curing kinetics. Owing to the neutrali-
zation of the amine curing agent, it is expected that the incorporation of oxidized 
CNTs would lower the curing rate, as reported by Abdalla  et al.   [93] . However, 
other work has shown that the addition of oxidized CNTs decreases the activation 
energy of the curing reaction, thus increasing its initial rate  [92] . Such an opposite 
phenomenon possibly occurs because the oxidation treatment itself promotes the 
dispersion of CNTs in the epoxy matrix, which in turn helps improve heat transfer 
and accelerates the curing reaction  [92] . 

 For amine functionalized CNTs, because the amine molecules on the CNT 
surfaces can serve as curing agent, the curing reaction stoichiometry is again 
altered, leaving excess curing agent. While the excess amine groups might promote 
the curing reactions, such an effect could be offset by other factors, such as the 
steric hindrance of CNTs  [94] . 

 Fluorinated CNTs have also been reported to affect the curing reaction stoichi-
ometry and process  [86] . As discussed above, fl uorinated CNTs can react with 
amino groups of the amine curing agents, thus altering the curing reaction stoi-
chiometry. Another side reaction is that the fl uorine atoms on the fl uorinated CNT 
surface become free radicals at high temperatures and attack epoxide rings  [86] . 
This results in a non - stoichiometric formulation if the curing agent is not properly 
adjusted, and would lower the crosslinking density of the epoxy network, as 
evidenced by a lower  T  g  and lower decomposition temperature. The mechanical 
properties of epoxy/CNT, such as storage modulus, are also affected due to the 
altered curing reaction  [86] . 

 As discussed above, the direct or indirect effects of CNTs on the curing reaction 
can lead to signifi cant thermal and mechanical property changes of epoxy/CNT 
nanocomposites  [86, 89, 91, 93, 95] , which would complicate their property evalu-
ation. This issue has attracted more and more attention recently, but only limited 
progress has been made. This is likely due to the diffi culty in the quantitative 
assessment of the above effect.  

  10.2.5 
 Alignment of  CNT  s  in Nanocomposites 

 After CNTs have been well dispersed in an epoxy matrix, in order to further opti-
mize the performance of the epoxy/CNT nanocomposites, it is essential to achieve 
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a preferred orientation or network of the CNTs in the epoxy matrix. It should be 
noted that, for a fi xed CNT concentration, too good a CNT dispersion may prevent 
the formation of a CNT network with established conductive pathways  [96] . In 
such cases, a certain level of controlled aggregation is desired. 

 A number of approaches have been developed to align CNTs. The chemical 
vapor deposition (CVD)  [28, 29]  approach produces well aligned CNTs during 
synthesis. More commonly, CNTs are aligned when suspended in media under 
magnetic or electric fi elds  [97] . Quantitative characterization of CNT orientation 
by polarized Raman spectroscopy has also been developed  [98] . Well - aligned arrays 
of CNTs usually tend to become randomized and form clusters upon mixing in 
an epoxy matrix. The high viscosity of the epoxy usually complicates the alignment 
process. Thus, new approaches need to be developed by either directly aligning 
CNTs in a viscous epoxy or impregnating the epoxy with pre - aligned CNTs, or by 
other novel routes. Epoxy composites that contain oriented CNTs are expected to 
offer considerable advantages over those containing random dispersion of bundled 
tubes  [99] . Several of the popular approaches toward achieving orientation are 
discussed below. 

  10.2.5.1   Magnetic Field 
 The alignment of CNTs in magnetic fi elds arises from the anisotropic magnetic 
susceptibility of CNTs  [100] . The lowest energy state is for CNT to orient parallel 
to the magnetic fi eld. Thus, application of a suffi ciently strong magnetic fi eld, 
which exerts a torque higher than the thermal energy which randomizes the CNTs, 
should be able to orient CNTs in a liquid suspension  [26, 101] . Calculations predict 
that, at room temperature, fi elds of the order of 10   T will be able to orient individual 
SWCNTs suspended in a low viscosity medium  [101] . When CNTs are dispersed 
in a viscous epoxy medium, the alignment is a cooperative process, which involves 
both the effect of the magnetic torque exerted by the magnetic fi eld directly on the 
CNTs, and the hydrodynamic torque and viscous drag exerted on the CNTs by 
the epoxy network, which also responds to magnetic fi elds due to its magnetic 
anisotropy  [102, 103] . 

 Garmestani  et al.  exposed an epoxy/SWCNT dispersion to high magnetic fi elds 
(25   T) for 2   h at room temperature, followed by another 2   h at 60    ° C, and observed 
high orders of alignment of both the epoxy and the CNTs, as shown in Figure  10.7  
 [102, 103] . Both electrical and thermal conductivities were signifi cantly enhanced 
along the aligned direction  [102] . However, their mechanical properties did not 
show a consistent improvement  [97] , which is possibly due to the increased bun-
dling of SWCNTs under magnetic fi elds  [102] , or because of the non - conformal 
alignment of the CNTs and the epoxy network  [97] .    

  10.2.5.2   Electric Field 
 Although the electrical behavior of CNTs is very complicated, due to the varying 
conductance of each shell and its dependence on tube diameter, helicity, and 
defects, the average properties of regular CNTs are expected to be semi - metallic 
 [104, 105] . In the presence of an electric fi eld  E , each conductive nanotube experi-
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ences a polarization. This leads to a torque  N  acting on the CNTs, which aligns 
them against the viscous drag of the surrounding epoxy medium  [104] . Apart from 
the rotation and alignment, the exact behavior of an individual CNT also depends 
on its surface charge and the type of the applied electric fi eld. In the case of a DC 
fi eld, charged CNTs move towards the electrode with the opposite sign. In the case 
of an AC fi eld, although the net electrophoretic mobility equals zero due to the 
zeta potential, aligned CNTs cause inhomogeneities in the electric fi eld, which 
might lead to a Coulombic attraction between oppositely charged ends of the 
nanotubes. Also, the non - uniform electric fi eld in the vicinity of the nanotube tips 
results in the movement of induced dipoles toward the area with the highest fi eld 

     Figure 10.7     SEM images of the fracture 
surfaces of an epoxy sample processed at 
(a) 25   T magnetic fi eld and epoxy/SWCNT 
nanocomposite processed at (b) 0   T and 

(c) 25   T magnetic fi elds. The scale bars 
represent 50    μ m ( reprinted with permission 
from  [103] , copyright 2003 Wiley ).  
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strength, which also induces nanotubes, especially those nearest, to move towards 
the electrodes  [104] . 

 Martin  et al.   [104]  observed that under a DC electric fi eld, a fraction of MWCNTs 
moved towards the anode and subsequently discharged and were adsorbed onto 
the anode. Tips of MWCNTs connected to the electrode then became sources of 
very high fi eld strengths and the location for further adsorption of MWCNTs. As 
a result, ramifi ed MWCNT network structures extended from the anode, eventu-
ally reaching the cathode and providing conductive pathways throughout the 
sample (Figure  10.8 ). While experiencing an AC electric fi eld, more uniform, 
aligned nanotube agglomeration was observed. The MWCNT agglomerates were 
also ramifi ed and grew roughly along the electric fi eld lines, as shown in Figure 
 10.8 , until they formed conductive connections between the electrodes  [104] . The 
fi eld - induced nanotube network formation can be attributed to polarization of the 
CNTs. This polarization leads to an additional attractive interaction between dis-
persed individual nanotubes and/or existing network branches  [104] . A higher AC 
frequency and larger tube aspect ratio were reported to be more advantageous for 
CNT orientation  [106, 107] . Overall, both AC and DC electric fi elds can induce the 
formation of aligned CNT networks in an epoxy matrix between electrodes. With 
increasing fi eld strength, higher quality networks and higher bulk conductivities 
within the resulting composite can be achieved  [104] . The induced MWCNT 
network resulted in a very low percolation threshold and improved electrical and 
dielectric properties  [104, 108] . Similar network formation was also observed for 
carbon nanofi bers in epoxy under an AC electric fi eld  [109] .    

  10.2.5.3   Mechanical Deformation 
 For thermoplastics - based nanocomposites, a number of processing approaches 
involving mechanical deformation, including spinning, stretching, casting, extru-
sion molding, and injection molding, could be adopted to orient CNTs in their 
matrices. For epoxy, it is necessary to either modify the above deformation proc-
esses or develop new mechanical deformation approaches to achieve a similar 
result. 

 Wang  et al.   [110]  developed a simple stretching approach to align SWCNT in 
an epoxy matrix. After the SWCNTs were dispersed in the epoxy, the sample was 
manually stretched along one direction at a draw ratio of 50, and then folded 
along the same direction and stretched repeatedly for 100 times at ambient atmos-
phere. This repeated manual stretching aligned the SWCNTs along the stretching 
direction and also promoted their dispersion in the epoxy matrix, which led 
to higher electrical conductivity and mechanical properties along the stretching 
direction  [110] .  

  10.2.5.4   Epoxy Infusion into Pre - aligned  CNT  s  
 Traditionally, epoxy/CNT nanocomposites were prepared by directly mixing CNTs 
in the epoxy, and then the mixture was cured to make the fi nal nanocomposites. 
The majority of the examples discussed in this chapter follow such an approach. 
In the epoxy industry,  resin transfer molding  ( RTM ) and  vacuum - assisted RTM  
( VARTM ) are widely used to fabricate large - part fi ber - reinforced epoxy composites, 
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during which epoxy resin is fused into a pre - formed fabric network. Such 
approaches can take advantage of the pre - aligned CNTs and also avoid the process-
ing complication originating from the high viscosity of the epoxy. It is also viable 
to incorporate much higher concentrations of CNTs in an epoxy matrix via VARTM 
than by the direct mixing approach. 

     Figure 10.8     Transmission optical 
micrographs of epoxy nanocomposites 
containing 0.01   wt% MWCNTs during curing 
at 80    ° C in a DC fi eld of 100   V   cm  − 1  (a) and an 
AC fi eld of 100   V   cm  − 1  (b). The bottom image 

shows the resulting nanotube network 
structure in a fully processed bulk 
nanocomposite cured under the above 
conditions ( reprinted with permission from 
 [104] , copyright 2005 Elsevier ).  
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 Wardle and coworkers  [111]  fi rst grew a well - aligned CNT forest on a silicon 
substrate via a CVD process  [28, 29] . The resulting CNTs had an average diameter 
of 8   nm (2 – 3 walls) and were spaced about 80   nm apart, with a CNT volume frac-
tion of 1%. The CNT forest, without any surface modifi cation, was transferred to 
a z - stage and lowered into a pool of uncured epoxy  [111, 112] . The epoxy was 
infused into the CNT forest via capillary - induced wetting at rates dependent on 
the CNT forest density and epoxy viscosity. The system was subsequently cured 
and yielded an oriented epoxy/CNT nanocomposite. By staging the synthesized 
CNT forest in a device that allows mechanical biaxial compression in two orthogo-
nal directions, epoxy/CNT nanocomposites with various CNT forest densities have 
been prepared. The fabrication process is illustrated in Figure  10.9   [111] . The 
wetting was shown to be effective up to 20   vol% of CNT  [111] . Alignment of the 
CNTs was well maintained after epoxy infusion, which was confi rmed by TEM 

     Figure 10.9     Fabrication of aligned epoxy/CNT nanocomposites: (a) Process fl ow for 
fabricating nanocomposites; (b) optical images of 1   vol% epoxy nanocomposite specimens 
after fabrication ( reprinted with permission from  [111] , copyright 2008 Wiley ).  
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and  small angle X - ray scattering  ( SAXS ) characterization  [111] . A similar approach 
was used to fabricate epoxy/CNT nanocomposites by wetting arrays of as - grown 
vertically aligned CNTs  [113, 114] . While this approach has achieved highly ordered 
CNTs orientation in an epoxy matrix and signifi cantly improved stiffness and 
electrical conductivity along the tube orientation direction  [113, 114] , the samples 
are in the millimeter scale range. They may fi nd promising applications in the 
electronic packaging fi eld, but it will likely be a challenge to expand it to structural 
applications.   

 Wang  et al.   [115]  developed a similar process to fabricate epoxy/CNT composites 
by infusing epoxy into pre - formed CNT fi lms. In their approach, the CNTs were 
fi rst dispersed in a solvent medium, during which other dispersion techniques 
discussed above were adopted. After that, the CNT suspension was fi ltered to form 
a CNT fi lm (also called buckypaper) composed of uniform SWNT rope networks 
and tubes with preferred orientations on the plane  [115] . Such buckypapers have 
a macroscale dimension and can be handled as regular fi ber mats in a process 
similar to RTM. This approach also allows a high CNT loading to be incorporated 
in the fi nal composite  [115] . The fabrication of buckypaper can be further opti-
mized by applying a strong magnetic fi eld to the CNT suspension to align the 
CNTs. By fi ltering the aligned CNTs under the magnetic fi eld, in - plane aligned 
buckypaper can be produced  [101] .    

  10.3 
 Properties of Epoxy/ CNT  Nanocomposites 

 While the initial intention to incorporate CNTs into epoxy was mainly to enhance 
the mechanical properties for structural applications, additional functionalities of 
epoxy/CNT nanocomposites have been identifi ed and achieved. A great disparity 
in experimental fi ndings has been seen in the literature, owing to the large varia-
tions in the characteristics of CNTs from different sources, choices of different 
epoxy formulations, and different functionalization and preparation techniques. 
Thus, direct comparisons of the physical and mechanical properties of epoxy/CNT 
nanocomposites from different reports will not be made here. 

  10.3.1 
 Mechanical Properties 

 A large variety of polymer/CNT nanocomposites have been studied in the past 
decade  [15 – 19] . Overall, the results have shown that CNTs can more effectively 
reinforce thermoplastics than thermosets, possibly because the dispersion of 
CNTs in thermoplastics is generally more readily accomplished where shear 
mixing, stepwise dispersion, and elongational fl ow mixing are more effective. 
Another potential reason for the limited reinforcement effect of CNTs in epoxy 
is the lower thermal expansion coeffi cient of the cured epoxy. The low shrinkage 
upon cooling to room temperature inevitably compromises the load transfer, 
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especially if strong bonding between the CNTs and the epoxy matrix is not 
established. This hypothesis can be indirectly supported by the fact that load 
transfer in epoxy/CNT nanocomposites is signifi cantly better in compression 
than in tension  [116] . It should be noted that , although it has been widely 
accepted that theoretically a higher aspect ratio of CNTs should be more benefi cial 
for reinforcing epoxy, it is not necessarily the case in practice  [117] , likely because 
it is more diffi cult to disperse and align high aspect ratio CNTs. 

 In one of the fi rst reports on epoxy/CNT nanocomposites, Schadler  et al.   [116]  
achieved about 20% Young ’ s modulus increase (from 3.1 to 3.71   GPa) by using 
5   wt% of pristine MWCNT. Wang  et al.   [118]  grafted curing agent onto the CNT 
surface to reinforce epoxy and achieved a 25% improvement in elastic modulus 
(from 2.44 to 3.04   GPa) with only 0.5   wt% loading of amine - functionalized CNTs. 
By using 1   wt% HiPco SWCNTs with both open - end oxidation and sidewall fl uori-
nation, Zhu  et al.  reported a 30% increase in Young ’ s modulus (from 2.0 to 
2.6   GPa) and an 18% increase in tensile strength (from 83.2 to 95.0   MPa)  [79] . 
Miyagawa and Drzal  [86]  achieved a 33% increase in storage modulus by 1.1   GPa 
at room temperature, by using only 0.3   wt% (0.21   vol%) fl uorinated SWCNT 
without adjusting the epoxy formulation. The signifi cant improvement was attrib-
uted to the homogeneous dispersion of fl uorinated SWCNTs in the epoxy matrix, 
which was undetectable under TEM. After careful adjustment of the curing agent 
to achieve curing reaction stoichiometry, the nanocomposite still showed a large 
improvement in storage modulus, from 3.18 to 3.85   GPa at a loading of 0.3   wt% 
(0.21   vol%) fl uorinated SWCNT, which represented approximately a 20% 
improvement. 

 Much higher mechanical property improvements were reported in ductile, 
rubbery epoxy matrices that were incompletely cured  [95, 119, 120] . For example, 
Allaoui  et al.   [120]  doubled the Young ’ s modulus of neat epoxy from 0.118 to 
0.236   GPa with 1   wt% pristine CVD grown CNTs. At a loading of 4   wt% pristine 
CNT, the Young ’ s modulus of the epoxy/CNT nanocomposite was further increased 
to 0.465   GPa, which is approximately three times higher than that of neat epoxy. 
When the stiffness of the epoxy matrix is high, the contribution from CNTs is 
limited because of the poor load transfer between the two constituents. However, 
for low stiffness epoxy matrices, a substantial portion of load can be transferred 
to CNTs via interfacial interaction, leading to a more signifi cant stiffness improve-
ment. It should be noted that the above phenomenon has also been observed with 
epoxy nanocomposites reinforced by  α  - zirconium phosphate nanoplatelets and by 
clay, but has been largely attributed to the viscoelastic nature of polymer matrices 
 [121 – 123] . 

 By infusing epoxy into as - grown arrays of vertically aligned CNTs, as described 
above, Wardle and coworkers improved the Young ’ s modulus by about 220%, 
compared to the neat epoxy, at a loading of 2   vol% of unmodifi ed CNT  [113] . Wang 
 et al.   [115]  managed to incorporate up to 39   wt% of SWCNT in epoxy via a similar 
resin infusing approach based on pre - formed CNT fi lms. DMA results showed 
that the storage modulus of the resulting nanocomposites could reach as high as 
15   GPa, more than four times higher than that of neat epoxy. 
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 It has also been reported that the incorporation of CNTs into epoxy can 
enhance the fracture toughness of the epoxy  [124, 125] , possibly because of the 
bridging effect during loading. However, formation of voids because of either 
incomplete degassing or CNT aggregation easily offsets the observed improve-
ments  [55, 124] . 

 Overall, the literature results have clearly shown that both functionalization and 
orientation are effective tools to improve the mechanical properties of epoxy/CNT 
nanocomposites. However, the mechanical property improvement achieved so far 
is still well below the theoretical calculation and expectation. There remains sig-
nifi cant interest in the further improvement of stiffness and strength of epoxy/
CNT nanocomposites for structural applications.  

  10.3.2 
 Electrical Properties 

 The key to achieve a low percolation threshold and high conductivity in epoxy is 
to form a conductive CNT network while minimizing the aggregation of CNTs. 
Some processing parameters that could promote the dispersion of CNTs, such as 
stirring power, duration of stirring, and resin viscosity, might lead to the destruc-
tion of the CNT network in an epoxy matrix  [96] . Any processing parameters that 
can facilitate the CNT network formation should be considered and manipulated 
 [96, 126 – 128] . For example, it has been identifi ed that a relatively high curing 
temperature is advantageous for CNT network formation by enhancing the mobil-
ity of the CNTs  [96, 126] . Various strategies for aligning CNT or forming a CNT 
network in an epoxy matrix have been developed, some of which were discussed 
earlier. The conductive epoxy/CNT nanocomposites are expected to serve various 
applications, such as anti - static  [35] ,  electromagnetic interference  ( EMI ) shielding 
 [129, 130] , and fi eld emission source  [131] , depending on their magnitude of 
conductivity. 

 It should be noted that the functionalization approaches for improving CNT 
dispersion usually lower the electrical conductivity percolation threshold because 
of the improved dispersion. However, the molecules coated on the CNT surface 
(either covalently or non - covalently) might lower bulk conductivity  [132] . Even 
without any surface functionalization, CNTs in the composites are typically sepa-
rated by a thin layer of polymer matrix material. The thin functionalization agent 
layers or polymer layers act as a barrier to the electrical charge transfer between 
nanotubes  [133, 134] . Related simulation studies have calculated that the tunneling 
distance due to the insulating fi lm between adjacent CNTs in polymer/CNT 
composites is about 1.8   nm and indicated that the contact resistance and tube -
 to - tube distance play a dominant role in the electrical conductivity of polymer/CNT 
nanocomposites  [134] . 

 Windle and coworkers  [34, 35, 104, 126, 135]  conducted systematic research in 
this fi eld and set records for achieving the lowest percolation threshold values for 
conductivity. They reported a low percolation threshold of  < 0.04   wt% in epoxy by 
using entangled pristine MWCNT produced by decomposition of hydrocarbon 
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gases, even though MWCNT aggregates were still formed  [35] . Later, a much lower 
percolation threshold of about 0.0025   wt% and a bulk conductivity of 10  − 3    S   m  − 1  at 
0.005   wt% were achieved using straight and un - entangled pristine MWCNTs pro-
duced by a CVD process  [34] . They further reduced the percolation threshold to 
0.0021   wt% by using shorter CVD grown MWCNTs  [126] . The low percolation 
threshold and high conductivity are mainly attributed to the CVD grown MWCNTs, 
which are much less entangled compared to the CNTs from other synthesis 
approaches. 

 The electrical behavior originated from CNT dispersion and formation of a CNT 
network can also be utilized to evaluate the CNT dispersion level. Hsu  et al.   [136]  
developed a method to characterize the degree of CNT dispersion in a polymer 
matrix based on AC impedance spectra. Their results have shown that the com-
posite fi lm capacitance is a more accurate indicator than fi lm resistance for evalu-
ating nanotube dispersion.  

  10.3.3 
 Thermal Properties 

 Similar to electrical conductivity, thermal conductivity enhancement for epoxy/
CNT nanocomposites is based on the formation of conductive routes, and the 
functionalization agents have detrimental effects on composite thermal perform-
ance. While the dispersion of CNTs is usually enhanced after functionalization, 
typically improving the heat transfer, the functionalization agents on the CNT 
surface form an interface, reducing thermal conductivity  [137] . 

 By using 1   wt% pristine SWCNTs in epoxy, Biercuk  et al.   [138]  achieved a 125% 
improvement in thermal conductivity at room temperature and 70% improvement 
at 40   K, which was much more effective than using vapor grown carbon fi bers. By 
using 4   wt% purifi ed and oxidized SWCNTs, Yu  et al.   [139]  achieved a high thermal 
conductivity enhancement of 200%. They also identifi ed that graphitic and car-
bonaceous impurities in CNTs are low effi ciency fi llers, which make little contri-
bution to thermal conductivity enhancement and cause dispersion issues by 
increasing the viscosity. It has also been revealed that the thermal conductivity of 
CNTs embedded in an elastic medium (including epoxy) could be much lower 
than free - standing CNTs due to a change in phonon velocity and maximum cut - off 
frequency  [140] . Thus, care should be exercised when conducting theoretical pre-
diction of the thermal conductivity of epoxy/CNT nanocomposites. 

 While the incorporation of CNTs into epoxy leads to signifi cant thermal con-
ductivity improvement, some reports have revealed that they negatively affect the 
thermal stability of epoxy matrices. It was reported that the incorporation of CNTs 
in epoxy could accelerate the thermal degradation of epoxy and lower degradation 
temperatures  [89, 91] . Likely, the lowered degradation temperature is partially due 
to the lower degree of curing of the epoxy/CNT nanocomposites, as discussed 
above, which contain unreacted constituents that decompose at lower tempera-
tures. The presence of metallic catalyst residues in the CNT might also catalyze 
the decomposition of the epoxy  [91] . 
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 The effect of CNTs on the epoxy  T  g  is quite complicated. A decrease in  T  g  of 
the epoxy/CNT has been frequently reported  [57, 80, 81, 84, 85, 91, 92, 141] . 
However, as discussed above, the decrease in  T  g  may not necessarily result from 
the presence of the CNTs in the epoxy matrix, but from the alteration of curing 
reaction stoichiometry  [91, 92] . Increase in  T  g  upon incorporation of CNTs into 
an epoxy has also been reported  [142] . When CNTs are integrated into an epoxy 
network, the scenario is further complicated. Systematic studies are still needed 
to address this issue.   

  10.4 
 Summary and Outlook 

 In this chapter, a review of up - to - date research in epoxy/CNT nanocomposites is 
made. Several material and processing issues that can dramatically infl uence their 
properties have been discussed in detail. It is evident that the properties of epoxy/
CNT depend on many factors, including the type of CNTs utilized, CNT loading, 
state of dispersion and alignment of the CNTs in the epoxy matrix, and the inter-
facial adhesion between the CNTs and the epoxy matrix. The improvement and 
applications of epoxy/CNT nanocomposites will strongly depend on how well they 
are prepared. While extensive research has led to signifi cant accomplishments, 
diffi cult challenges still lie ahead. Continued research is expected to address the 
challenges mentioned above. Some of the future research efforts are expected to 
include: 

  1)     Novel dispersion and alignment approaches 
 So far, successful functionalization of CNT surfaces has been shown to be an 
effective route for improving dispersion and interaction with the epoxy matrix. 
As a result, it presents opportunities for designing epoxy/CNT nanocomposites 
for engineering applications. If conductivity is not a concern, the most effective 
means will be integrating CNTs into the epoxy network via crosslinking, 
rather than as dispersing fi llers. This would also lead to effective load transfer 
through robust chemical bonding, and ultimately take full advantage of 
CNTs for composite applications. While extensive research in this fi eld in 
the past few years has led to signifi cant progress, more facile and effective 
functionalization approaches to achieve both high level of dispersion and 
alignment are highly expected. Sun  et al.   [143]  recently reported an effective 
approach, which takes advantage of both tube surface oxidation and physical 
dispersion with the aid of nanoplatelets, resulting in individual tube dispersion 
and a high level of tube alignment. As a result, signifi cant improvement in 
the mechanical properties of epoxy/CNT nanocomposites has been recorded 
 [143] .  

  2)     Utilization of pre - formed  CNT  yarns 
 Breakthroughs have been made in both wet spinning  [144 – 146]  and dry - state 
spinning of CNTs  [147 – 149] , and electrospinning of CNTs in polymer matrices 
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 [150 – 152] . The well - aligned CNT yarns exhibit extremely high strength  [149]  
and are excellent candidates for epoxy reinforcement. The same processes 
developed for the preparation of epoxy/carbon fi ber composites, such as the 
VARTM process, can be adopted to fabricate epoxy/CNT yarn composites. 
Polymer/CNT composite fi bers made by electrospinning are another good 
candidate for epoxy nanocomposite applications. When using such fi bers, 
since the CNTs have been pre - dispersed and aligned, the major remaining 
issue is adhesion. Embedding CNTs in polymers that exhibit high affi nity 
toward epoxy or that can potentially interact with epoxy is a promising 
approach to consider.  

  3.     Strategic placement of  CNT  s  at locations of interest 
 Although the cost of CNTs has been signifi cantly reduced, it is still prohibitively 
expensive to utilize CNTs for large parts applications, especially at high 
loadings. In addition, the viscosity of the epoxy/CNT dispersion usually 
increases dramatically at high loadings of CNT. Placing CNTs only at certain 
locations of interest rather than throughout the matrix is a strategy to consider. 
Warren  et al.   [153]  prepared B - staged epoxy/CNT thin fi lms which could be 
introduced to desired locations in a matrix and subsequently co - cured and 
integrated via VARTM processing  [154] . Such an approach avoids the 
complication of CNT - induced high viscosity and can greatly reduce cost.    

 Finally, it should be noted that the health risk related to CNT exposure has been 
another focus of attention, especially on pulmonary related issues. Although the 
current data are still fragmentary and subject to validation, the results do suggest 
that CNTs may pose serious health concerns  [155 – 159] . Thus, care should be 
exercised when handling CNTs for nanocomposite applications, especially when 
the CNTs are in a dry state. Strict preventive and protective practices should be 
established and followed to eliminate the possibility of CNT inhalation in R & D 
and manufacturing settings.  
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 Epoxy Adhesives: A View of the Present and the Future  
  Sen é n Paz   Abu í n        

   11.1 
 Introduction 

 In a pure sense adhesion is a measurement of the attractive forces that maintain 
two surfaces intimately bonded. According to this defi nition it is clear that if 
the attractive forces increase, the value of adhesion should increase in the same 
direction. In the case of solid surfaces, even a fractured material, it is highly 
diffi cult to reach a reasonable contact area between two surfaces. A liquid, 
capable of wetting both surfaces, can fi ll all irregularities and make a new 
imperfection - free surface. This liquid can be very suitable for many purposes 
if it keeps the two surfaces bonded together through an adhesive/cohesive joint. 
Such a liquid, either in the initial state or when converted into a solid, is called 
an adhesive. 

 Keeping in mind this idea of an adhesive, it is clear that epoxy resins can be 
suitable as a raw material for adhesives. They can wet most surfaces and develop 
different types of chemical groups capable of originating very high attractive and 
interactive forces with many solids. The epoxy resins are, in many applications, 
the fi rst choice, especially in applications where a structural adhesive is required, 
and approximately 20   000 – 30   000   tons per year of epoxy resins (excluding other 
monomers and additives) are used to cover different fi elds and applications such 
as in : civil engineering, construction, the naval industry, sports, aviation, military 
equipment, the aerospace industry, among others. The epoxy adhesives have been 
extensively studied and one can fi nd excellent reviews and chapters in some books 
 [1 – 3] . In this chapter we will try to show the new trends for the formulation and 
use of these interesting products. Necessarily, some aspects in the chemistry and 
chemical physics of adhesives and epoxy resins will be repeated. 

 When an adhesive fails, no matter if it is due to adhesive or cohesive failure, 
the application is consequently ruined. Often the failure is a consequence of aging, 
but this is not necessarily the cause. To formulate an adhesive one can use all 
available theories of adhesive - adhesion but they are not enough. The phenomenon 
is so complex (every surface can be a new situation) that an epoxy resins formula-
tor needs, at least, a good physical chemistry foundation, good physical sense, a 
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high dose of intuition, good formulation sense, learning capacity from trial and 
error tests, and must always have in mind that:  the best adhesive is not the one that 
adheres the most . Nature shows us this every day. Adhesives produced by some 
animals are, by far, less strong than the epoxy ones; but try to remove it from the 
hands and compare it with a drop of a cured epoxy adhesive, that remained on the 
hands after some do - it - yourself work. 

 Adhesion is an interfacial phenomenon taking place in a thickness of a few 
 ä ngstroms that is negligible compared with the size of the adhesive layer com-
monly used in structural adhesives. The adhesive behavior depends mainly on the 
interfacial forces and their rheological response when stressed. An important 
remark is that it is not necessary to pay so much attention to obtain an epoxy 
formulation which can cover many applications under different conditions. Two 
starting monomers, epoxy prepolymer and curing agent are all that the formula-
tion needs. Conversely and curiously, the design of an epoxy adhesive, to specifi c 
requirements, can be extremely complex. Some requirements imply too many 
variables which could act simultaneously and cannot always be included in a reli-
able model. One target of this chapter is to simplify, as much as possible, the 
necessary variables to formulate an epoxy adhesive when required for a given 
application.  

  11.2 
 Requirements and Conditions for the Design of an Epoxy Formulation 

 Before formulating an epoxy adhesive, either as a simple bonding agent or as 
structural component (from our point of view, an ideal structural adhesive would 
be one which behaves as an imperceptible joint), let us consider some conditions 
and parameters to be taken into account. 

  11.2.1 
 Surfaces (Adherents) 

 The surfaces (adherents) play a substantial role in the adhesive joint behavior. It 
is outside the scope of this chapter to examine the adhesion theories (including 
wetting and setting). There are excellent reviews of these important topics  [1 – 5] . 
However it is necessary to have in mind a signifi cant and simple thermodynamic 
criterion of adhesion in terms of the surface free energy (  γ  ): to obtain a good 
wetting adhesive/adherent it is necessary that   γ  (adhesive)    <      γ   c (adherent). Where 
 γ  c  is the critical value of the surface energy below which a liquid will wet and spread 
 [4] . Some common candidates as adherents for epoxy adhesive applications are 
metals, ceramic or glass - made materials, concrete, and so forth. But the most 
interesting adherents, due to their diffi culty to be adhesively bonded, are 
polymers. 

 Adhesion to polymers can be inadvisable. Many polymers have lower surface 
energies than epoxy prepolymers (in the range 45 – 55   mJ   m  − 2 ). Even with specifi c 
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surface preparation the interfacial forces are usually so weak that they cannot 
guarantee long term service (we have obtained good adhesion on polypropylene 
with an epoxy adhesive, after corona discharge treatment, where values of 
  γ   c     ≈    55   mJ   m  − 2  were reached). Composite/composite adhesions, via epoxy, are very 
interesting from an industrial point of view. The wetting of an uncured epoxy 
adhesive on a full - cured epoxy matrix of the composite can be acceptable or not. 
If the epoxy matrix (adherent) is cured with a very high atmospheric humidity the 
hydroxy groups (OH) generated during the polymerization reaction (see Chapter 
 1 ) will be oriented to the highly affi ne water molecules present at the surface, 
increasing the surface energy of the adherent. Conversely if the humidity is very 
low, the OH groups will be oriented inside. 

 However, and provided that a good wetting is attained, the polymers are diffi cult 
to adhere with an epoxy adhesive. During the step of bond formation, free groups 
in the cured polymer are necessary to react with the adhesive monomers to form 
strong covalent bonds. In the case of epoxy resins, when cured under time/
temperature established conditions, the starting monomers are practically extin-
guished and highly stable bonds cannot be expected  [6] .  

  11.2.2 
 Temperature 

 Probably one of the most delicate requirements for an epoxy formulator is the 
temperature: both cure temperature ( T  c ) and service temperature ( T  ) are impor-
tant parameters. The cure temperature has a strong infl uence on the fi nal for-
mulation. The maximum glass transition temperature ( T  g ∞  ) and cure temperature 
must be similar. When  T  c     ≥     T  g ∞   the conversion ( x ) attains its maximum value: 
 T  c     ≈     T  g ∞    ⇒   x    =   1. But if  T  c     ≤     T  g ∞    ⇒   x     <    1, then vitrifi cation will occur (see 
Chapter  1 ). 

 The infl uence of conversion on mechanical, chemical and thermal properties is 
not linear, and for many epoxy systems there is a great difference when  x     ≤    0.9 or 
close to 1. The variation of glass transition temperature ( T  g ) with conversion is a 
clear example  [7]  and many important mechanical properties at a temperature  T , 
are linked to the difference ( T  g ∞   –   T  ). One could think that for control of vitrifi ca-
tion it would be useful to lower  x  and  T  g  and, in consequence, to increase the 
fracture resistance (a vital parameter for the adhesive). However, this is a com-
pletely incorrect statement. Conversion should be close to one so as to obtain high 
values of the fracture energy, as we will see later. Therefore, we have to manipulate 
the chemical structure of the adhesive. 

 As an example, let us examine the role of temperature on an ambient - cure epoxy 
adhesive formulation. Ambient cure implies a highly ambiguous term related to 
the defi nition of ambient temperature. Obviously it is not the same to repair a ski 
while it is snowing or a boat on a sunny day on the beach. For example, let us 
analyze the design of a structural adhesive to bond steel to concrete (dry), for a 
service temperature up to 40    ° C and a cure temperature of 5    ° C. Such apparently 
innocent requirements imply antagonist conditions: 
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   •       T  g ∞   of the adhesive should be above 40    ° C (the shear modulus and other 
mechanical properties are divided by a factor  > 10 when the service temperature 
is above  T  g ).  

   •      Accordingly, a  T  g ∞     =   50    ° C will be a reasonable target. If one considers the TTT 
diagram (see Chapter  1 ) a cure temperature  T  c     ≈     T  g ∞   for  x  → 1 is a necessary 
condition.  

   •      There is however a quasi - insurmountable condition:  T  c     ≈    5    ° C. Due to the 
relatively low activation energy ( E  a ) of most of these epoxy systems, the cure at 
low temperatures is not necessarily a problem (e.g., many epoxy formulations 
destined for prepregs where both  E  a  and  T  g ∞   are much higher than those of 
ambient cure cases, have to be kept at temperatures well below  − 15    ° C to avoid 
premature reaction during the storage time). The problem arises from the fact 
that one has to formulate an adhesive with  T  g ∞      ≈    50    ° C, and a cure temperature 
of 5    ° C. One can fi nd sometimes, in some technical data, such curious 
information as: cure temperature 5    ° C, glass transition temperature 60    ° C. If 
one asks for details, there is a common answer: we developed a very special 
catalyst capable of curing the adhesive at such very low temperatures to reach 
such a  T  g . This amazing statement implies that the whole polymerization 
reaction takes place only in the chemically controlled region and vitrifi cation 
does not occur. As, inevitably, vitrifi cation will be operative when the glass 
transition temperature attains the same value as the cure temperature,  T  g     ≈    5    ° C, 
a diffusion - controlled process will take place from this point. In such a case the 
role of a catalyst is completely negligible, as a termolecular reaction will be 
necessary and such a probability tends to zero.  Differential scanning calorimetry  
( DSC ) demonstrates this to us many times. The cure can progress after 
vitrifi cation very slowly (accordingly with the temperature) but the use of a 
catalyst makes no difference.    

 One argument would be that vitrifi cation is a reversible process and when the 
temperature increases, the conversion and  T  g  increase as well. This correct physi-
cal concept has the limitation that if the adhesive is working immediately after 
cure at 5    ° C, all sources of aging will affect it irreversibly. When  x     <    1 (one can 
estimate  x     ≈    0.80 – 0.85 for this case) water and mechanical stresses will originate 
the degradation of the adhesive. To solve this delicate technical situation, the cure 
at a higher temperature is an imperative. If a heat source is not available for the 
application of the adhesive, another possibility is to isolate all the adhesive area 
and to allow the heat generated during the polymerization reaction to be used to 
increase the cure temperature. In order to achieve an adhesive formulation, let us 
imagine the second situation through a correct isolation. A heat balance will indi-
cate to us the necessary heat to fulfi ll the requirements. Let us consider that 
 Δ  H  g ( x , T  c )   =    Δ  H  rq     +     Δ  H  dissipated , where  Δ  H  g ( x , T  c ) is the heat of reaction generated 
by the system as function of conversion at  T  c ,  Δ  H  rq  is the heat required by the 
system to increase the temperature to the desired value and  Δ  H  dissipated  is the heat 
dissipated to the surroundings. If we consider the system working under a fully 
adiabatic condition:
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   C T t H f x Tp d d = −( ) ( )Δ ,     (11.1)  

where  C p   and ( –  Δ  H ) are the isobaric specifi c heat capacity and the heat of reaction 
per unit mass  [7] , respectively, and  f  ( x , T  ) represents the cure rate.

   d dx t f x T= ( ),     (11.2)   

 Dividing Equation  11.1  by Equation  11.2  and considering  Δ  H  and  C p   constants, 
the integration leads to:

   T T T xf ad− =0 Δ     (11.3)  

   Δ ΔT H Cpad = −( )     (11.4)   

 Accordingly, and if we need to reach a fi nal temperature  T  f     ≈    50    ° C, from an 
initial temperature  T  0    =   5    ° C, implying  Δ  T  ad    =   45    ° C, with  C p       ≈     2   J   K  − 1    g  − 1  then, 
the reaction heat must be  Δ  H  rq    =   90   J   g  − 1 . But as the system will not be com-
pletely isolated,  Δ  H  dissipated  can be signifi cant. Heat dissipation may be decreased 
by increasing the reaction rate, d x /d t , and now the afore - mentioned magic 
catalyst can be very useful. As d x /d t    =    f  ([E] 0 , [A] 0,  c), [E] 0 , [A] 0  and c, being the 
epoxy monomer, curing agent and catalyst concentrations, the infl uence of a 
catalyst can be the determinant in increasing the reaction rate. Then a high 
fraction of the heat of polymerization may be used to increase the cure tem-
perature ( T  c ). 

 Temperature can originate an irreversible degradation of an epoxy adhesive. A 
thermal test under different temperatures is normally needed to follow variations 
of properties (stress, strain, modulus, impact resistance, fracture energy, etc). One 
can expect a good ratio of fi nal to initial properties for many epoxy adhesives up 
to temperatures ranging between 150 and 200    ° C (depending on the formulation). 
But this requires that the adhesive has to be free of  volatile organic compound s 
( VOC s). Due to the stress contraction originated when a component is released 
from the formulation when heating, reductions up to 50% of the initial value of 
the fracture energy with only a loss of 2% (at 100    ° C) of a long chain alkyl phenol 
have been observed.  

  11.2.3 
 Mechanical Requirements 

 To formulate an epoxy adhesive different mechanical requirements must be con-
sidered: those of the adherent, the stress of the joint when it is strained by dif-
ferent external forces and, of course, the geometry of the joint  [8, 9] . The joint 
can fail adhesively or cohesively, always by the weakest point. When the adhesive 
energy is lower than the cohesive one, a high modulus adhesive will only increase 
the stress concentrations on the interphase, and the failure will occur under low 
external loads. Conversely, if the cohesive energy is lower then high values of 
fracture stress (  σ   F ), critical stress intensity factor ( K  1C ), fracture energy ( G  1C ) and 
elastic modulus ( E ), are usually required  [10] . A very important part of all literature 
available on these topics pays much more attention to this last case. This is, 
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probably, because the measurement of pure adhesive forces at a solid/solid inter-
phase is much more complicated than the analysis of the cohesive strength of 
adhesives. Thus, most of the studies to measure adhesion are focused in terms 
of adhesive joint strengths, which depend on the rheological properties of the 
adhesive and on interfacial factors  [2] . 

 There are an important number of models to describe this phenomenon where 
different points of view and simplifi cations are taken into account. Most of them 
consider that the adhesive work is a combination of cohesive energy, plastic dis-
sipation and stored elastic energy  [11 – 14] . As viscoelastic solids, the infl uence of 
time/temperature on the mechanical properties of adhesives is often considered 
as well. Elasto - plastic properties of the adhesive – adherent system are necessary 
inputs of some models. Obviously, the thickness of the adhesive (viscoelastic body) 
plays a vital role. In general, there is an increase in bond toughness with the thick-
ness of the adhesive layer until it attains a constant value. It strongly depends on 
fracture energy, its associated parameters and the mechanical characteristics of 
the adherent  [14] .  

  11.2.4 
 Environmental Aging 

 As time goes by, aging arises as a natural and irreversible consequence. Epoxy 
adhesives, as organic materials based on carbon – carbon bonds, cannot escape this 
 “ life process ” . Of course, their chemical structure is a determining factor in the 
expected work life but the environment is a multi - source of highly aggressive 
stresses. 

 The interaction of an epoxy adhesive with its surroundings causes irreversible 
damage. Thermal, mechanical, chemical and even biological factors are the main 
ways of degradation of the adhesive. Sometimes the effects of these parameters 
are studied separately  [15, 16] , but the real damage (within some limits) is percep-
tible when a total or partial combination of them takes place. 

 As stated, the adhesive, the adherent and their interphase must not be studied 
separately. Based on thermodynamic considerations, the work of adhesion ( W  A ) 
related to surface free energies may be obtained by the Dupr é  equation:

   WA x y xy= + −γ γ γ     (11.5)  

where   γ   x ,   γ   y  and   γ   xy  are the adherent, adhesive and interphase free energies, respec-
tively. Kinloch and co - workers  [17]  have demonstrated that water may displace an 
adhesive from the interphase. By considering Foulkes proposal  [15] , the surface 
free energy,   γ  , may be expressed by two terms: dispersion   γ    D  and polar   γ    P  
components:

   γ γ γ= +P D     (11.6)   

 According to this, two equations of adhesive work are deduced  [8] :

   WA x
D

y
D

x
P

y
P dry= +( ) + +( )⎡⎣ ⎤⎦ ( )2

1 2 1 2γ γ γ γ     (11.7)   
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 And the adhesive work in contact with a liquid ( W  AL ):
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(11.8)
  

where    γ L
P ,     γ L

D  and   γ   L  represent the surface free energy contributions of the liquid 
in contact with the adhesive (in the case of water 22, 50.2 and 72.2   mJ   m  − 2 , 
respectively). 

 A positive value of the work of adhesion ( W  A / W  AL ) indicates that the interphase 
is stable; a negative value corresponds to an unstable interphase. According to this, 
few interphases epoxy – adherent are stable in water. In most cases  W  AL     <    0 while 
WA    >    0. However, the work of adhesion represented by  W  A  and  W  AL  is only related 
to surface free energies resulting from van der Waals contributions (so - called 
secondary bonds). Other possible contributions such as ionic or covalent bonds 
(so - called primary bonds), with much higher bond energies, are not considered. 
Other adhesion mechanisms such as mechanical interlocking (in some sense it 
can be regarded as the roots of trees in the soil), are not taken into account either. 
As a conclusion, the analysis of the adherent, thermodynamic considerations, 
surface preparation (acid etching, plasma and corona discharge, fl ame treatment, 
sand blasting, etc.), and/or the use of suitable primers may be vital for the long 
term use of adhesives. 

 Because of the high affi nity of OH groups generated during the polymerization 
reaction for water, its uptake is considered as the major factor of degradation of 
epoxy adhesives. Losses of mechanical and thermal properties are a consequence 
of the water uptake. When equilibrium is reached (it can take as long as a year at 
20    ° C), the Young ’ s modulus decreases, the strain at yield increases,  T  g  decreases 
and, of course, there is a decrease in the adhesion to any surface. Values of water 
uptake of 2% (at equilibrium) can be considered normal for many epoxy adhesives 
and may be enough to lower up to 30 – 40% the initial values of modulus and tensile 
strength, with a parallel decrease in  T  g.  The adhesion to some metals, ceramics 
and glasses may be reduced by 80 – 90%. Once again the best adhesive is always 
the one that behaves better during aging. Therefore, aging is the best mirror for 
an adhesive.  

  11.2.5 
 Toxicology 

 Nowadays toxicology is one of the most important topics to be considered in 
an epoxy formulation. Many formulations are now forbidden due to toxicological 
considerations. In these times, the safety data of all starting products becomes 
absolutely necessary. Either one can agree or not with these issues, but in all 
cases we have to pay attention to toxicological factors because it is an irrevers-
ible future.   
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  11.3 
 Criteria for Selecting Adhesive Formulations 

 One thing is an adhesive recipe and a very different question is to formulate an 
epoxy adhesive for a given application. This is really the main target of this chapter, 
how to formulate an epoxy adhesive under specifi c requirements. Preliminary 
suggestions are: 

   •      Think about the problem and be sure that all data are correct and available.  

   •      Use the physical concepts that relate the characteristics of the demanded 
adhesive and adherents. When necessary ask for the cooperation of experts in 
calculations related to the joint strength.  

   •      Select molecule candidates to give a threshold of properties according to the 
previous paragraph.  

   •      Explore raw materials and formulations to obtain candidates for testing.    

 No epoxy adhesive formulation can be adaptable to all situations, requirements 
and general demands. A specifi c requirement always brings something 
different. 

  11.3.1 
 Selection of Components 

 An epoxy adhesive formulation can be expressed as a blend of epoxy prepolymer    +    
curing agent    +    additives. 

  11.3.1.1   Epoxy Prepolymers 
 The  diglycidyl ether of bisphenol A  ( DGEBA ) is, by far, the most commonly 
used starting monomer to formulate epoxy adhesives. Apart from DGEBA 
(see chemical structure in Chapter  1 ) other epoxy prepolymers are used 
when, mainly, higher service temperatures are required. Aromatic tetraglyci-
dylamine (TGMDA, see Chapter  1 ), trifunctional epoxies based on  meta  -  and 
 para  - aminophenol (Araldite MY0600 and MY0510), epoxy novolacs (DEN 431 and 
DEN 438) and the relatively new one based on trisphenol (Tactix series from 
Huntsman) are destined for the aircraft and aerospace industries where very 
high  T  g ∞   is required (some formulations based on Tactix can reach  T  g ∞   values above 
300    ° C).  

  11.3.1.2   Curing Agents 
 Polyfunctional amines, phenols, organic anhydrides, polyphenols and polysulfi des 
are conventional curing agents. Due to their high reactivity and excellent balance 
of properties, polyamines and their derivates are the fi rst choice when ambient 
cure is required. The cure reactions in epoxy/amine systems have been a matter 
of great interest in many kinetic studies  [18, 19]  and nowadays they are still a target 
of study for several researchers. 
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 The variety of curing agents that one can fi nd in the technical literature is really 
impressive. The old Lee and Neville ’ s handbook is still a necessary reference  [20] . 
More information may be found in more recent references  [9, 21] .  

  11.3.1.3   Additives 
 The number and types of compounds used as additives in the epoxy adhesive 
technology is so great that, only playing with them and with the starting mono-
mers, leads us to a potentially infi nite number of adhesive formulations. The main 
reasons for the use of additives are the improvement of a specifi c property and/
or cost reduction. Only four additives will be considered for our examples: fl exibi-
lizers, tixotropic agents, catalysts and tougheners. 

 When using polyamines (we do not refer to their derivates as polyaminoamides 
or adducts) as curing agents in formulations with DGEBA, the  T  g ∞   is usually higher 
than 50    ° C, our target for ambient cure, or even well above 150    ° C. In such cases 
a monomer that can partially replace DGEBA and reduce  T  g ∞   thus avoiding vitri-
fi cation (as stated in Section  11.2 ), is necessary. For this purpose, an epoxy - func-
tionalized aliphatic long chain molecule can be suitable as fl exibilizer. If we use, 
for instance, a typical bifunctional epoxidized polyglycol with an average molar 
mass close to 400   g   mol  − 1   T  g ∞   should decrease as a direct consequence of inserting 
aliphatic chains into the polymer network. Besides, we found that the experimental 
value of functionality is in fact in the range of 1.4 to 1.5. This means that its addi-
tion to a formulation must also decrease  T  g ∞   as a consequence of the reduction in 
the crosslink density. The well - known Fox equation may be used to estimate the 
ratio DGEBA/diluent for a given curing agent to achieve the desired  T  g ∞  . 

 Another necessary additive for this application is a tixotropic agent to reduce 
sagging. This additive also plays an important role in the shrinkage control during 
cure. The catalyst is also necessary, as additive, according to our discussion in 
Section  11.2.2 . Finally, tougheners are excellent products when we need to increase 
the fracture energy (without a signifi cant sacrifi ce of  T  g  and modulus). Fracture 
energy is a vital parameter when the adhesive is working between two high 
modulus materials (such as steel). We may not recommend, however, the use of 
tougheners for adherents such as concrete, with very weak shear strength 
( ≤ 0.6   MPa). In this case, a fl exibilizer which decreases both  T  g  and the modulus 
will work much better. 

 We will show two different examples of criteria used for selecting formulations 
of an ambient - cure and a medium - high temperature cure adhesive.   

  11.3.2 
 Ambient - Cure Formulation (Steel/Concrete Adhesive) 

 Let us consider a demand for an epoxy adhesive with the following characteristics: 
presentation as a tixotropic gel without sagging at 4   mm, specifed densities (before 
and after curing), heat of reaction,  T  g  and conversion – time profi les at several 
temperatures. The specifi ed mechanical properties at a given temperature (below 
and above  T  g ) are tensile strength, elongation, modulus and lap shear strength. 
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The formulator must require some characteristics of adherents to be bonded (e.g., 
concrete and steel): shear strength, shear modulus, surface preparation, bond 
length and thickness of adherents. 

 According to the previous discussion a starting point for an epoxy adhesive 
formulation for this application is shown in Table  11.1 .   

 Let us consider only two parameters:  T  g  and the elastic modulus ( E  ). The value 
of  T  g ∞   is 52    ° C and  E  at ( T  g ∞      −     T  )   =   30    ° C is 1600   MPa. If one considers an ideal 
and regular distribution of stress under shear strength (which is not correct, stress 
distribution is not uniform), we should not exceed a maximum value of 0.6   MPa 
(the limiting value of concrete). We can estimate the shear modulus of our adhe-
sive, through the Poisson ratio assuming an ideal elastic solid. Then 
 G     ≈    3/8    E     ≈    600   MPa. A maximum value of shear strain just below 1   mm   m  − 1  would 
be allowed before fracturing the concrete. If the adhesive works above  T  g ,  G  will 
decrease by a factor of 10, strain will reasonably increase up to 10   mm   m  − 1  and the 
structural adhesive is self - rejected. As a conclusion, the design and geometry of 
the joint has to be carefully examined.  

  11.3.3 
 Medium to High - Temperature Cure Formulation (Steel/Steel Adhesive) 

 Let us imagine that several formulations to bond steel/steel are demanded with 
the following requirements: 

   •      Very long gel - time at 20    ° C (at least 24   h).  
   •      Cure temperature  ≤ 150    ° C.  
   •      Service temperature from  − 20    ° C to 110    ° C.  
   •      Values of  K  1C  and  G  1C  at ( T  g ∞      −     T  )    ≥    100    ° C ranged between 5 – 10 times higher 

than a typical value (e.g.,  G  IC     ≥    500   J   m  − 2 ).    

 Table 11.1     Example of formulation of an ambient - cure epoxy adhesive. 

   Compound     Concentration (p.w.  a)  )  

  Part A      
     DGEBA    70  
     Epoxidized glycol (Mn    ≈    400, f   =   2)    30  
     Tixotropic agent (hydrophobic fumed silica)    8  

  Part B      
     Metaxylylenediamine, mXDA    18  
     Catalyst  b)      1  
     Tixotropic agent (hydrophobic fumed silica)    3  

   a)  Parts by weight.  
  b)  Highly active waterborne catalyst based on inorganic salts.   



 Table 11.2     Composition of the formulations designed for high to medium temperature adhesives. 

        Formulation number  

   1     2     3     4     5     6     7     8     9     10     11     12     13     14     15     16     17     18     19     20     21     22  

  First component                                                                                          
     Dgeba, p.w.  a)      100    95    90    85    95    90    85    95    90    85     –     100    100    100    83.3    75    95    90    90    95    90    90  
     Toughener, 

type/p.w.  a)    
   –     A/5    A/10    A/15    B/5    B/10    B/15    C/5    C/10    C/15     –     E/1.4    E/2.8    E/4.2     –      –     G/5    G/10    G/10 

E/4.4  
  H/5    H/10    H/10 

E/4.4  
     Toughened 

epoxy resin, 
type/p.w.  a)    

   –      –      –      –      –      –      –      –      –      –     D/100     –      –      –     F/16.7    F/25                          

     Air release 
agent, p.w.  a)    

  0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1    0.1  

  Second component                                                                                          
     Dicy, p.w.  a)      5.7    5.4    5.2    4.9    5.4    5.2    4.9    5.4    5.2    4.9    5.4    5.4    5.2    4.9    5.0    4.6    5.45    5.17    4.4    5.45    5.17    4.4  
     1 - methyl 

imidazol, p.w.  a)    
  1    0.95    0.90    0.85    0.95    0.90    0.85    0.95    0.90    0.85    1    0.95    0.90    0.85    0.90    0.8    0.95    0.90    0.90    0.95    0.90    0.90  

    a )  Parts by weight; A: Fortegra 100 (Dow); B: Trixene BI7774 (Baxenden); C: Flexibilizer DY 965 (Huntsman); D: Araldite XU 3508 (Huntsman); E: Benzylamine (BASF);  
  F: Araldite LT 1522 (Huntsman); G: Nanostrength M52N (Arkema); H: Nanostrength M22N (Arkema).   
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 DGEBA is again a suitable prepolymer and due to the long gel time condition, 
a small particle size ( ≤ 6    μ m) dicyandiamide, Dicy (see Chapters  1  and  15 ), is prob-
ably the best choice as a hardener. The DGEBA/Dicy kinetic mechanism is very 
complex but it is very well known that a specifi c catalyst is necessary to achieve a 
reasonable time/temperature cure process. In order to keep elevated values of  T  g ∞   
an imidazole is a good selection. 

 The other requirement is to reach high values of  K  1C  and  G  1C.  There are several 
ways to achieve these requirements (e.g., using nanosilica particles). But, in our 
experience, the use of a suitable toughener is still the best choice. Well - known 
CTBN - epoxy resin adducts (containing about 30% CTBN) such as Araldite LT - 1522 
(Huntsman), can be used. Other new tougheners are Fortegra 100 (Dow) based 
on a self - assembling block co - polymer, Trixene BI 7774 (Baxenden) based on a 
block aromatic polyurethane, Flexibilizer DY 965 (Huntsman), a toughened epoxy 
resin Araldite XU 3508 (Huntsman) and two products of a new family of self -
 assembling block copolymers, Nanostrength M52N and M22N (Arkema). 

 Table  11.2  shows 22 formulations prepared for comparison purposes. To know 
the cure conditions of these formulations, an experimental kinetic study was an 
imperative. Moreover, due to the characteristics of such compositions presenting 
solid – liquid interphases and a phase separation process induced by polymeriza-
tion  [7] , rheological and calorimetric studies were advisable. As an example, 
Figure  11.1  shows the rheological behavior of formulation 13 during an isother-
mal cure at 90    ° C. A rheometer AR 2000 from TA instruments equipped with 
an ETC chamber and a cryogenic device was used (geometry of parallel plates 
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     Figure 11.1     Plots of  G  ′ ,  G  ″  and tan  δ   (at three different frequencies: 1, 3 and 10   Hz) against 
time for formulation 13 undergoing an isothermal cure at 90    ° C.  
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with measurements in a multiwave mode at frequencies of 1, 3 and 10   Hz) to 
estimate the gel time at the point where tan  δ   is independent of frequency.     

 Except for formulation 1 (used as a control), the rest of the systems included 
different types and amounts of tougheners. Formulations 12, 13 and 14 were 
prepared to explore the infl uence of a monoamine (benzylamine) on  K  1C  and  G  1C  
by increasing the molar mass between crosslinks ( M  c ). Benzylamine is used for 
prepregs  [22]  but we had never used it for the purposes described here and we 
have no references of its use for such applications either. This amine (and other 
monoamines) may be found in the market, with purities above 99%. This fact 
guarantees the functionality (two) as an extender. Polyglycidyl diluents available 
in the market for industrial purposes do not exhibit such accurate functionality 
(as discussed in the previous section). 

 Molar ratios DGEBA/benzylamine: 20/1, 10/1 and 6.7/1 corresponding, respec-
tively, to 95, 90 and 85% of free epoxy groups after the extension reaction, were 
established. Due to the much higher reactivity of benzylamine with DGEBA com-
pared to that of Dicy, and the practically equal reactivity of both hydrogens of 
benzylamine (unpublished data), difunctional glycidylamines (a benzylamine mol-
ecule reacted with two DGEBA units) are formed  in situ  before any reaction with 
Dicy takes place. 

 Due to the high excess of DGEBA, extension reactions (the reaction of the 
difunctional glycidylamines with DGEBA) are not very signifi cant. Number average 
degrees of polymerization of DGEBA/benzylamine oligomers vary in the range 
1.10 – 1.35. 

  11.3.3.1   Mechanical and Thermal Properties of Different Formulations 
 Thermal characterization tests were performed with a DSC - 7 and a DMA - 7 from 
Perkin Elmer. Mechanical tests were carried out in our laboratory using a tensile -
 compression test instrument (Model 6000R, Lloyd Instruments) equipped with a 
thermal cabinet model TC 550 (reported values are the average of at least fi ve 
specimens). In order to avoid the effects of relaxation below  T  g , increasing the 
toughening effect, a test temperature criterion of ( T  g ∞  (DSC)     −     T ) of about 120    ° C was 
established: formulations 1 – 5, 11 – 12, 17, 18, 20 and 21 were tested at 25    ° C; for-
mulations 6 – 10, 13, 15, 16, 19 and 22 at 15    ° C, and formulation 14 at 0    ° C. After 
aging all the tests were carried out at 3    ° C. 

 Table  11.3  shows the mechanical and thermal properties of the designed for-
mulations.  Dynamic - mechanical analyses  ( DMA ) show us that the elastic modulus 
increases below 0    ° C, as a consequence of the fraction of frozen water due to water 
uptake.   

 (First we would like to stress the exceptional mechanical behavior of those for-
mulations where benzylamine was included as the only toughener agent (numbers 
12 – 14). One could expect a signifi cant reduction in tensile modulus in these for-
mulations with respect to the unmodifi ed one (number 1), but conversely one case 
is even really signifi cant (number 14) with the maximum value of tensile modulus 
and the lowest  T  g . This fact can be justifi ed in terms of the antiplasticization 
phenomenon  [7]  where a decrease in  T  g ∞   is accompanied by an increase in 



 Table 11.3     Mechanical and thermal properties of the formulations designed for high to medium temperature adhesives (before and after aging in water at 60    ° C). 

        1     2     3     4     5     6     7     8     9     10     11     12     13     14     15     16     17     18     19     20     21     22  

  Before aging                                                                                          
      Tg   ∞   by DSC,  ° C    144    143    146    146    145    140    135    145    143    140    148    143    135    131    147    143    150    150    129    147    148    131  
     Tensile strength, MPa    47.2    54.2    37.8    14.7    61.4    53.3    47.7    60.3    55.5    49.5    39.7    51.6    55.7    65.5    46.5    53.4    39.9    38.7    45.0    46.7     –      –   
     Tensile modulus, MPa    1855    1770    1261    851    1945    1869    1624    1813    1781    1515    1830    1922    2024    2135    1978    1888    1754    1853    1606    1970     –      –   
     Tensile elongation, %    3.2    4.7    4.3    2.3    5.1    4.5    4.3    4.9    5.0    5.2    3.0    3.7    4.0    4.8    3.2    3.9    2.8    3.1    5.1    3.2     –      –   
     Lap shear strength, 

MPa  
  11.7    12.6    15.1    14.8    11.8    14.4    15.5    15.2    20.4    23.8    14.7    15.0    15.2    16.8    18.7    21.0    14.1    18.5    22.7    13.5    17.2    20.8  

     Energy released in lap 
shear analysis,  U T  , 
kJ   m  − 2   

  3.7    4.3    6.4    5.7    3.1    4.8    5.9    6.0    12.9    18.9    5.4    6.0    5.2    7.0    9.1    13.1    4.2    8.3    13.9    3.7    6.1    11.2  

     Fracture toughness, 
 K 1C  , MPa   m 1/2   

  0.7    2.8    1.5    0.9    2.9    2.9    2.4    3.1    3.1    2.9    2.7    3.2    3.3    3.8    3.1    2.9    2.7    2.4    2.9    2.9     –      –   

     Fracture energy,  G  1C , 
kJ   m  − 2   

  0.6    2.2    1.2    0.8    1.9    2.5    2.1    2.6    2.6    2.7    1.8    2.6    2.7    4.2    2.9    2.7    2.4    2.0    3.2    2.5     –      –   

      Tg  by DMA (onset G ' ), 
 ° C  

  152    152    149    154    149    141    138    149    146    141    155    144    138    131    152    149    158    157    136    152    152    135  

  After aging (15 days in water at 60    ° C)  
     Water uptake (%)    2.2    2.4    3.7    4.7    2.4    2.5    2.6    2.3    2.4    2.5    2.3    2.1    2    1.9    2.4    2.3    3.4    3.3    2.6    2.5    3.7    2.9  
      Tg   ∞   by DSC,  ° C    123    131    127    124    122    123    119    119    125    122    126    126    122    119    122    123    135    128    122    137    136    127  
     Tensile strength, MPa    53.2    56.3    31.9    15.1    63.4    57.4    48.1    61.1    56.0    50.1    57.8    62.8    62.6    64.8    50.8    53.0    40.8    38.8    42.0    51.7     –      –   
     Tensile modulus, MPa    1724    1732    1290    760    1925    1690    1542    1941    1775    1556    1857    2137    2057    2082    1732    1679    1856    1637    1404    1693     –      –   
     Tensile elongation, %    3.8    5.3    3.6    2.7    5.9    5.5    5.0    5.1    5.5    5.7    5.1    4.7    5.0    4.9    3.9    4.3    3.1    3.5    4.7    3.8     –      –   

   Cure schedule of formulations 1 – 11, 15 – 18, 20 and 21: 2   h at 90    ° C    +    1   h at 150    ° C.  
  Cure schedule of formulations 12 – 14, 19 and 22: 24   h at room temperature    +    2   h at 90    ° C    +    1   h at 150    ° C.   
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the modulus. Morel  et al   [23]  also found increases in the tensile modulus when 
the diamine used as curing agent (diaminodiphenylmethane) was partially replaced 
by a monoamine, aniline, as in our case. 

 Figure  11.2  shows the SEM images of some selected formulations (those with 
the higher content of toughener). If we compare formulations 14 and 1 (taken as 
control) we can see that while formulation 14 shows great homogeneity, formula-
tion 1 presents several white nuclei, probably due to unreacted Dicy. Trapped air 
(in spite of the vacuum), mixing irregularities, heat of reaction, the cure program 
and the effects on viscosity of the formulations and the solvent power of ben-
zylamine on Dicy may originate all these differences. However, all of these ques-
tions are integrated in the formulations and are an important part of their 
limitations and shortcomings. It is also interesting to note formulation 16 where 
a highly homogeneous dispersed phase (in size and distribution) is present in a 
heterogeneous matrix.   

 If we analyze the values of fracture resistance ( K  1C  and  G  1C ), the formulations 
based on benzylamine are again the best ones. Following strictly the ASTM stand-
ards these results, which are in the range of those reported for toughened epoxies 
 [3] , were repeated and confi rmed. It is important, however, to point out that the 
values of fracture resistance represent only one point involved in the joint fracture 
 [12, 14] . In fact, the balance of energy of the adhesive layer can be expressed as 
 U  T    =    f  ( U  A ,  U  C ) where  U  T  is the total energy released in lap shear strength analysis, 
 U  A  is the interfacial energy and  U  C  is the cohesive energy.  U  A  is a function of the 
attachment sites (adhesive – steel) and  U  C  depends on the fracture associated with 
the embedded cohesive zone, the contribution due to plastic dissipation and the 
stored elastic energy within the adhesive layer. The value of  U  T  (Table  11.3 ) is 
obtained by integration of the lap shear strength curve and shows us that some 
toughened formulations improve very much the joint behavior with respect to the 
untoughened formulations, including all benzylamine combinations under study 
except for the formulations 19 and 22 where hybrids Nanostrength M52N/ben-
zylamine and M22N/benzylamine are also included. Remarkable values of  U  T  and 
 T  g ∞   ratio (before and after water uptake) may be observed in both cases. The prob-
able wormlike structures of M52N gave higher values of  U  T  than M22N with the 
expected micelle structures  [24] . 

 It is important to point out that according to several authors, the value of  U  A  
can be infl uenced by interphasial chemical reactions such as those that can take 
place between the oxide layer and some components of the epoxy formulation 
 [25 – 27] . Variations of stoichiometry as a consequence of the preferential adsorp-
tion of one of the monomers at the interface can also take place  [28, 29] . In these 
studies aluminum was used as substrate (tested after different oxidative treat-
ments) and the amine formed chelates at the interphase. Apart from the variation 
of stoichiometry in the interphase, these chelates can damage the epoxy adhesive 
properties. 

 In order to quantify the variations of stoichiometry produced by preferential 
adsorption of one of the monomers at the interface let us imagine a surface of 
1   cm 2  (10 14    nm 2 ) coated with a strong liquid amine such as benzylamine, forming 
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(a)  (b) 

(c)   (d) 

(e) (f)

(g)

     Figure 11.2     SEM images corresponding to formulations: (a) 1, (b) 3, (c) 7, (d) 10, (e) 11, (f) 
14 and (g) 16.  
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a completely packed monolayer. Taking a value of amine surface coverage 
( S a  )    ≈    0.4   nm 2    molecule  − 1   [30] , the number of molecules adsorbed at the interface 
is 2.5    ×    10 14  molecule cm  − 2 , corresponding to a mass close to 0.5    ×    10  − 7    g   cm  − 2  of 
adsorbed amine. For formulation 14 with 3.8   wt% benzylamine we applied approx-
imately 250   g   m  − 2  of the adhesive formulation on steel, corresponding to 
 ≈ 9.5    ×    10  − 4    g   cm  − 2  of amine. Therefore, even for the maximum amount of adsorbed 
amine the variation in the stoichiometry may be considered negligible. 

 For a rough surface the situation may be different. A fractal surface would 
increase the number of adsorbed molecules proportionally to (molecular surface 
coverage)  −    Ds   /2 , where  Ds  is the fractal surface  [31] . For example, for  γ  - Fe 2 O 3  the 
value of  Ds  is 2.6 and the number of adsorbed molecules increases by a factor 
(0.4)  − 2.6/2     ≈    3 times the value of the roughness - free surface. Even in this case the 
fraction of adsorbed amine molecules is negligible from the point of view of a 
change in the overall stoichiometry. 

 Strong amines react with metal oxides during the 24   h cure at ambient tempera-
ture  [27] , modifying the interphasial structure. Whether the increase in  U T   observed 
for formulations where benzylamine is present (when compared with the control 
formulation, number 1) is due to this reaction or to related effects like variations 
in water uptake during cure, thickness, porosity, degree of oxidation, contamina-
tion, etc., cannot be established.  

  11.3.3.2   Aging in Water at 60    ° C 
 In an internal meeting of our R & D group we discussed if the following results 
should be presented, because the variations of mechanical properties after aging 
in water were in clear controversy with the current literature in the fi eld. This 
made us elaborate the following empirical model:  “ epoxy formulations, like 
potatoes, improve in hot water ” . We have checked, point by point, all experi-
mental data, repeating some tests when necessary. We have also analyzed more 
than 200 aging experimental data obtained in our laboratory for years and found 
the same trends. A signifi cant concept is also the fact that the aging time in 
water at 60    ° C was approximately 15 days. However, for specimens with surface/
volume ratio of about 5.6   cm  − 1 , the equilibrium of water uptake needs, at least, 
24 to 30 days. Therefore, reported results have to be considered under this 
circumstance. 

 The reasons why mechanical properties improve in some cases with aging in 
water must be analyzed. Apart from the  “ potatoes theory ” , we found interesting 
experimental evidence which can help us. In all cases, we realized that the volume 
shrinkage was really high (up to 6%) compared with typical values of ambient - cure 
adhesives. When formulations are plasticized with fl exibilizers, tougheners and 
benzylamine, internal stresses are lower and water can act, before starting the 
degradation process, as an internal stress  “ relaxing agent ”  (plasticizer). A proof of 
this fact is the increase in tensile strength of formulations 1 and 11 after water 
uptake, starting from low initial values. On the other hand, formulation 14 (with 
the maximum benzylamine concentration) behaves as  “ normal ”  in spite of the fact 
that its water uptake is the lowest among all the formulations under study. This 
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is probably because the water uptake originates an increase in volume (swelling) 
which acts in the opposite direction to shrinkage. 

 According to Table  11.3 , for every formulation  T  g ∞   was seriously damaged after 
water uptake, as expected. However, a relationship between water uptake, loss of 
elastic modulus, tensile strength, strain and  T  g  could not be well established. 
Experience has shown us that in formulations where high volume shrinkage was 
observed, trends shown in Table  11.3  like the increase in tensile strength are still 
observed, even after the equilibrium water uptake. Some common characteristics 
of these formulations are the chemical structures leading to a low  M  C  and the high 
heat of reaction ranging between 450 and 530   J   g  − 1 . 

 However, water always generates damage in epoxy adhesives. If, for example, 
we bond glass with any of the 22 epoxy adhesives and after curing the bonded 
glass is immersed in boiling water, all adhesive joints will be de - bonded in 15 –
 30   min (independent of the formulation). To improve the joint and to prevent the 
water attack, one of the best ways, if not the best, is the use of properly hydrolyzed 
silanes. Although specifi c products remain as confi dential information in the 
industrial sector, let us give some suggestions: 

   •      Use reactive silanes in the hydrolysis medium (e.g., low molecular weight 
alcohols) in concentrations below 2%.  

   •      Adjust pH close to 5 for glass and ceramic, and 9 for metals.  
   •      Do not use silanes with organofunctional groups reactive with the hydrolysis 

medium.  
   •      Try to use a very low quantity by square meter (as a monomolecular layer).    

 These silane adhesion promoters are extremely effective, increasing de - bonding 
times by a factor of several hundreds.    

  11.4 
 Conclusions and Perspectives 

 The formulation of a successful epoxy adhesive requires keeping in mind a vital 
sentence:  The best adhesive is not the one that adheres the most . The best adhesive is, 
of course, the one exhibiting a long service life. The importance of the interphase 
on joint durability is extremely high. Concerning specifi c epoxy formulations we 
showed that epoxy prepolymers obtained by reaction between DGEBA and a 
monoamine, such as benzylamine, can signifi cantly improve the joint strength 
and the reduction of adhesive properties produced by water uptake. 

 We think that there is still a signifi cant driving force for the development of 
better epoxy adhesives and that this fi eld is under the responsibility of researchers, 
technicians and industries. The most important concept to be always taken into 
account is that the adhesive/adherent system must be analyzed as a whole. 
Perhaps, when this concept and every possible source of aging are simultaneously 
considered we should change our rule to the simple one stating:  The best adhesive 
is the one that adheres most.   
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  UV  - Cured Nanostructured Epoxy Coatings  
  Marco   Sangermano          

   12.1 
 Introduction 

 Nanostructured epoxy coatings have attracted considerable attention in recent 
years due to improvements in various properties including scratch resistance, 
abrasion resistance and heat stability as well as other mechanical properties 
 [1 – 3] . 

 The combination of small size nanoparticles with those of the epoxy matrix 
yields hybrid materials with unique and versatile properties. The aim of the 
research in this fi eld is to obtain polymeric coatings with functions like low abra-
sion and/or low wear, high chemical stability, easy to clean behavior, long term 
stability, high impact resistance, easy processability and low, or at least reasonable, 
costs. 

 Therefore, the combination at the nanosize level of organic – organic or organic –
 inorganic domains in a single material could be very important for the achieve-
ment of such multifunctional properties  [4 – 8] . These innovative advanced materials 
could fi nd promising applications in such fi elds as optics, electronics, membranes, 
sensors, catalysis and protective coatings  [9 – 11] . 

 The fi rst approach for the preparation of organic – organic nanostructured epoxy 
coatings concerns the dispersion within the epoxy network of organic nano-
particles, such as latex particles, core – shell particles, block copolymers (see 
Chapter  5 ) or hyperbranched polymers. This approach is quite promising in order 
to increase the toughness of a thermoset epoxy coating or for templating nano-
porous materials  [12] . 

 The second approach for the preparation of organic – inorganic nanostructured 
epoxy coatings concerns the incorporation of inorganic nanoscale materials, either 
by dispersion of the inorganic nano - object in the polymeric matrix  [13]  or via  in 
situ  generation through a sol – gel process  [14 – 18]  (see Chapter  8 ). 

 In both cases the key point is the achievement of full deagglomeration of the 
nanoparticles within the epoxy matrix. Even though the particles might be well 
dispersed in the prepolymer solution, aggregation might occur in the matrix, 
especially during the thermal curing process. 
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 In this respect, it is particularly attractive that the very rapid nature of the 
photopolymerization process may allow polymer network formation to occur 
much more rapidly than phase separation or macroscopic aggregation  [19] . 
Furthermore, the UV - curing technique is gaining increasing importance in the 
fi eld of coatings due to its peculiar characteristic  [20, 21] : it induces polymer 
formation with a fast transformation of the liquid monomer into a solid fi lm 
with tailored physical - chemical and mechanical properties. It can be considered 
an environmentally friendly technique, due to the solvent free process, and it 
is usually carried out at room temperature, therefore guaranteeing the saving 
of energy. 

 The cationic photopolymerization of epoxy systems that proceeds via a ring -
 opening polymerization mechanism presents some advantages compared to the 
radical one  [22] : lack of inhibition by oxygen, low shrinkage, good adhesion and 
mechanical properties of cured fi lms. 

 A description of some usual initiators is given in Chapter  13  (Section  13.2.1 ). 
 One distinct advantage of using the UV - curing technique to retain the structure 

in the nanoparticle dispersed system, both before and during the early stage of 
photopolymerization, is the maintenance of a low viscosity, as observed for liquids 
or solutions Typically, a high viscosity is desirable to slow particles motion in order 
to reduce or avoid particle aggregation. One of the direct advantages of the pho-
topolymerization technique is that the temperature, and thus the viscosity of the 
system, remain relatively constant until crosslinking takes place. In contrast, the 
heating necessary for thermal polymerization would induce a viscosity decrease 
in the medium in the early stage of polymerization, with a detrimental effect on 
nanoparticles dispersion and an increased tendency for macroscopic aggregation 
 [23] . 

 Additionally, the rapid initiation and kinetics associated with the photopolym-
erization technique allow the medium to be quickly solidifi ed around the dispersed 
particles, reducing their macroscopic agglomeration tendency. In a way, by the 
UV - curing technique, it is possible to  “ freeze ”  the degree of dispersion achieved 
in the starting prepolymer solutions. 

 In the following sections a review of recent results in the fi eld of UV - cured 
organic – organic and organic – inorganic nanostructured epoxy coatings is given.  

  12.2 
 Organic – Organic Nanocomposite Epoxy Coatings 

 In recent years, the efforts and successes in synthesizing a variety of nano-
structured polymeric materials have provided a new degree of freedom for the 
development of advanced materials with enhanced or novel properties. 

 Organic nanobuilding blocks such as:  block copolymer s ( BCP s),  liquid crystal 
polymer s ( LCP s) or  hyperbranched polymer s ( HBP s) have been proposed in the 
literature for the preparation of organic – organic nanocomposite epoxy coatings 
characterized by advanced and enhanced properties. 
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  12.2.1 
 Block Copolymers as Organic Nanobuilding Blocks 

 As explained in Chapter  5 , a block copolymer consists of two or more polymeric 
chains, which are chemically different and covalently attached to each other  [24] . 
They have the peculiar ability to form micro(nanophase) structures which offer 
the possibility to develop materials with unique properties. The morphology 
of many diblock - copolymers can even be predicted thanks to a good knowledge 
of factors dictating phase separation. Repulsive energetic interactions between 
immiscible block chains cause phase separation. However, the separated domains 
cannot grow macroscopically, as in the case of polymer blends, because macro-
scopic phase separation is prevented by the chemical connection between 
the block chains. Instead, the phase - separated domains are restricted in 
size to a scale comparable with the single chain dimension of the block 
copolymer. 

 Ordered structures observed at thermodynamic equilibrium can be spheres, 
cylinders, alternating lamellae (schematic representation shown in Figure  12.1 ), 
but more complex geometries can also be observed  [25] .   

 Block copolymers have been suggested for many applications based on their 
ability to form regular nanometer - scale patterns. These self - assembled patterns 
have been considered as a nanolithographic mask as well as templates for the 
further synthesis of inorganic or organic structures  [26] . 

 The BCP dispersion into photocurable formulations has been widely used in 
fl exographic printing plates  [27]  or in nanoprinting lithography  [28] . 

 Poly(ethylene oxide) - block - polybutadiene BCP was used to form nanotubes. 
Crosslinking with UV light minimizes the fl uid disruption during stabilization. 
Additionally the spatial control afforded by focusing the initiating light source 
enables stabilization of distinct segments of individual nanostructures  [29] . 

 Recently, developments have been directed to the formation of nanophase sepa-
rated surfaces using block copolymers  [30] . Pospiech  et al.  have synthesized block 
copolymers with blocks of different surface free energy for the creation of nanos-
tructured surfaces in which the wettability with external liquid could be tuned by 
the surface structure  [31] . To reach this goal,  poly(pentylmethacrylate) - b -
 poly(methylmethacrylate)  ( PPMA/PMMA ) diblock copolymers with varied molar 
masses of the blocks, were synthesized by sequential anionic polymerization 
using  sec  - butyl lithium as initiator. The phase separation behavior of the block 

     Spheres     cylinders   lamellae 

     Figure 12.1     Schematic representation of some of the possible morphologies that BCP can 
achieve when coated on a substrate in thin fi lms.  



 238  12 UV-Cured Nanostructured Epoxy Coatings

copolymers in bulk and in thin fi lms was investigated using a combination of 
appropriate methods such as SAXS, AFM and TEM. The range of composition in 
which the lamellae structures are formed is very broad compared to other block 
copolymers. The lamellae structure is maintained in thin fi lms. 

 Amphiphilic block - copolymers are also known to have the ability to form 
micelles in a selective solvent. For an A - B diblock - copolymer, in a selective solvent 
which is good for A but poor for B, the block - copolymer molecules tend to associ-
ate into B - core/A - shell spherical micelles  [32] . 

 In blend applications, instead of using a selective solvent as for the amphiphilic 
block copolymers, a liquid thermoset precursor with a compatible chemical nature 
for one of the blocks of the copolymer can be used  [33, 34] . In this way the diblock -
 copolymers, with one block miscible in the thermoset precursor, are not 
only dispersible in a reactive system, but also able to order themselves by self -
 assembly in micelles both in the unreacted and in the reacted states of the matrix 
 [35 – 37] . Important properties are expected from this behavior, and some previous 
work has been reported in the literature  [38 – 40]  and discussed in detail in 
Chapter  5 . 

 So far, thermal curing has been applied in those systems which cause additional 
problems, since the crucial miscibility/non - miscibility balance of the block;s copol-
ymer segments with the epoxy matrix has to be assured over a broad temperature 
range. In this context fast UV - induced curing reactions can be a useful technique 
for the network formation, especially when coatings are aimed for. The fast UV -
 induced network formation will freeze the structure of the self - assembled micelles 
avoiding further reorganization. 

 By dispersing in the epoxy monomer a BCP containing one miscible and one 
immiscible block, a nanophase separation with a micellar self - assembled morphol-
ogy can be achieved in the liquid state and can be frozen by UV - cure. The process 
is schematized in Figure  12.2 .   

 In Figure  12.3  TEM images are reported for UV - cured fi lms of a dicycloaliphatic 
epoxy monomer containing an amphiphilic BCP  [41] .   

 Further investigations are necessary in order to elucidate the internal structura-
tion of the nanodomains dispersed in the polymeric matrix.  

hνhν

Before curing     After curing

     Figure 12.2     Schematic representation of the BCP dispersion into an epoxy monomer and the 
maintenance of the nanostructuration after UV - cure.  
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  12.2.2 
 Hyperbranched Polymers 

 Hyperbranched polymers (HBP) belong to a new group of molecules called den-
dritic polymers, which have peculiar and often unique properties. They are char-
acterized by a highly branched backbone, which gives access to a large number of 
reactive groups. Their structure gives them excellent fl ow and processing pro-
perties  [42, 43] . In particular, hyperbranched polymers are attractive since they 
resemble dendrimers, but they can be produced more easily on a larger scale 
at a reasonable cost. 

 HBP with acrylate, vinyl ether, allyl ether or epoxy functionalities have been 
studied as multifunctional crosslinkers  [44 – 46]  in coatings and adhesives  [47, 48] . 

 The solubility and diffusivity properties of hyperbranched and dendritic poly-
mers have been shown to be signifi cant for their prospective use in applications 
such as encapsulating components, drug delivery systems or food packaging 

     Figure 12.3     TEM micrograph of a UV - cured epoxy containing an amphiphilic BCP.  
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applications  [49, 50] . Barrier properties for fl exible packaging were achieved by 
dispersion of HBPs into UV - curable formulations. The amount of hydroxy groups 
in the HBPs was found to play a major role concerning the oxygen barrier in the 
fi nal packaging fi lm  [51] . Under humid conditions a maximum in the barrier was 
observed at a hydroxy end group fraction of 70%. Comparing dry and humid data, 
it was also seen that humidity led to a decrease in barrier properties at the highest 
hydroxy group concentration, whereas the barrier performance of coatings with a 
lower concentration of hydroxy groups improved under humid conditions. 

 Phenolic HBPs were synthesized in order to be used as an additive in the cati-
onic photopolymerization of a bis - cycloaliphatic epoxy monomer  [52] . The effect 
of the presence of HBP on the rate of chain propagation in the photopolymeriza-
tion reaction is important, since it not only governs the reaction kinetics, but also 
affects the extent of cure and therefore the fi nal properties of the coatings. For 
these reasons  real - time FT - IR  ( RT - FT - IR ) analysis was performed to evaluate the 
effect of the presence of the HBP on the cationic ring - opening polymerization. 
The results reported in Figure  12.4  show that an increase in the photopolymeriza-
tion rate and the epoxy conversion was achieved by increasing the HBP content 
in the photocurable formulation.   

 These results can be explained on the basis of a chain transfer mechanism 
involving the hydroxy groups present on the surface of the HBP. In order to modify 
the curing process of epoxide systems, the use of alcohols was fi rst indicated by 
Penczek and Kubisa  [53] , then confi rmed by Crivello  [54, 55] . Recently hydroxy 
functionalized particles were employed as chain transfer agents in the cationic 
polymerization of cycloaliphatic epoxy monomers  [56] . The occurrence of a chain 
transfer reaction involving the OH groups causes a change in the kinetics of the 
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     Figure 12.4     RT - FT - IR conversion curves of 
epoxy monomer (3,4 - epoxycyclohexylmethyl -
 3 ′ ,4 ′  - epoxycyclohexanecarboxylate, CE) in 
formulations containing increasing amounts 

of phenolic HBP (photoinitiator was 
triphenylsulfonium hexafl uoroantimonate at 
2   wt%; light intensity at the surface of the 
sample was close to 30   mW   cm  − 2 ).  
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process and the properties of the cured networks. The same mechanism can be 
proposed for the increased epoxy group conversion observed in the presence of 
the phenolic - OH groups of the HBP additive. 

 Thermal and dynamic - mechanical characterizations of the photocured fi lms 
have been performed by means of DSC and DMTA analysis; the results are 
reported in Table  12.1 .   

 It was possible to observe a decrease in glass transition temperature in the pres-
ence of the HBP additive. This fl exibilization of the cured network was induced 
because of the low  T  g  of HBP ( T  g    =   55    ° C) compared to pure CE networks. By decreas-
ing the  T  g  of the system the mobility of the reactive species increased and the polym-
erization could reach completion, as already demonstrated in Figure  12.4 . 

 In agreement with the observed network fl exibilization, an increase in the 
impact resistance was obtained by increasing the amount of HBP in the photocur-
able monomer (see data reported in Table  12.1 ). 

 The elastic modulus  E  ′  was also determined by DMTA analysis and the data are 
reported in Table  12.1  (elastic modulus measured at 50    ° C). It is particularly inter-
esting to observe that the increase in toughness is accompanied by a modulus 
increase, which is unusual. We can explain these results taking into account that 
the HBP additive behaves as a multifunctional crosslinker. The neat result is 
therefore a fl exibilization induced by the introduction of the fl exible HBP struc-
ture, but at the same time the HBP molecule acts as a multifunctional cross - linker 
due to the large number of hydroxy groups that are involved in the chain transfer 
reactions. An increase in the crosslinking density of the network is achieved 
together with its fl exibilization. This behavior is particularly interesting when 
considering tough coatings with high - scratch resistance. Similar results were 
achieved by employing oxetane functionalized HBP as additive in the cationic 
photopolymerization of an oxetane - based monomer  [57] . The modifi cation of 

 Table 12.1     Properties of  UV  - cured epoxy fi lms based on CE monomer 
(3,4 - epoxycyclohexylmethyl - 3 ′ ,4 ′  - epoxycyclohexanecarboxylate), containing increasing 
amounts of phenolic  HBP .  

    UV - cured sample     Gel content  a)   (%)      T  g  ( ° C)  b)        T  g  ( ° C)  c)       Impact 
resistance  d)   
J   cm − 2  

    E  ′ at 50    ° C 
(MPa)  e)    

  Pure CE    90    170    224    0.27    633  
  CE/HBPOH 95   :   5    99    160    180    0.27    1010  
  CE/HBPOH 90   :   10    100    155    183    0.30    1393  
  CE/HBPOH 80   :   20    98    158    180    0.33    1290  
  CE/HBPOH 70   :   30    100    150    178    0.40    1300  

   a) Determined gravimetrically.  
  b) Determined by DSC measurements.  
  c) Determined by DMTA measurements (maximum of tan  δ   curve).  
  d) Determined by Charpy method.  
  e) Determined by DMTA analysis( E  ′  curve).   
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HBP — OH via a Mitsunobu reaction was performed with perfl uoroeicosanol 
(CF 3 (CF 2 ) 9 (CH 2 ) 10 OH); the reaction was conducted at low temperature with a 
degree of modifi cation of the original OH end groups of about 60%, as determined 
by  1 H NMR spectroscopy  [58] . A schematic representation of the chemical struc-
ture of the modifi ed HBP is:

   

 The fl uorinated HBPF was employed as additive, in the range from 1 to 5   wt% 
of the epoxy monomer and photocured via a cationic process. Because of the large 
amount of unmodifi ed hydroxy groups, this additive behaves as multifunctional 
cross - linker through a chain - transfer mechanism, as previously discussed for phe-
nolic HBP. 

 The cured fi lms exhibited an increase in hardness in the presence of HBFP, 
according to the results of the pencil test. The increase in surface hardness can 
be due either to the increase in crosslinking density, as discussed previously, as 
well as to the presence of a phenolic structure on the top layer of the fi lm due to 
the surface migration of the HBFP. 

 In addition, the chemical resistance of the photocured fi lms was improved, as 
indicated by the increase in the MEK resistance. This behavior is attributable to 
the presence of fl uorine on the fi lm surface which induces high chemical resist-
ance. The presence of the fl uorinated groups on the surface of the cured fi lms is 
confi rmed by a strong decrease in surface wettability with water (see Figure  12.5 ).   

 It was particularly interesting to observe that the modifi ed coatings containing 
HBFP showed a 100% adhesion on a polar substrate (glass) as well as the pure 
epoxy monomer. 
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 It is well known that fl uorinated coatings show poor adhesion because of their 
very low surface tension. The high adhesion values measured for the fl uorine modi-
fi ed systems suggests a selective surface enrichment of the lower surface energy 
additive, HBFP, toward the less polar interface (air) during the curing process. 

 This behavior was further confi rmed by checking the wettability of the coatings 
on the glass side (see Figure  12.5 ). Small pieces of the coatings were detached 
from the glass substrates with some diffi culty, because of their high adhesion, and 
the water wettability measured. The side of the coating in contact with glass did 
not report any modifi cation in the presence of HBFP, showing an advancing 
contact angle of 70 ° , as the pure epoxy monomer. In this way it was possible to 
obtain highly hydrophobic surfaces without affecting the good adhesion properties 
typical for epoxy monomers. 

 Thus, notwithstanding its very low concentration, the HBFP additive can protect 
the coatings from aggressive solvents, induce an increased hardness and allow the 
preparation of a low energy surface: for all these reasons it may fi nd suitable 
applications for engineering and developing advanced protective coatings.   

  12.3 
 Organic – Inorganic Nanocomposite Epoxy Coatings 

 Organic – inorganic hybrid materials are receiving increasing interest ( [59, 60] , see 
also Chapter  8 ) due to improvements in various coating properties including 
resistance to scratch, abrasion, heat stability as well as other mechanical properties 
 [61, 62] . The properties of hybrid materials are controlled not only by the chemical 

60

70

80

90

100

110

120

0 1 2 3 4 5

Fluorinated HBP concentration (wt%)

A
d

va
n

ci
n

g
 c

o
n

ta
ct

 a
n

g
le

 (
°)

Air Side Glass Side

     Figure 12.5     Advancing contact angle with water for epoxy UV - cured epoxy fi lms containing 
increasing amounts of fl uorinated HBP: air side of the fi lms ( � ) glass side of the fi lms ( � ).  



 244  12 UV-Cured Nanostructured Epoxy Coatings

nature of the individual components, but also by the physicochemical properties 
at the interphases. 

 In order to achieve a molecular dispersion and to avoid macroscopic phase sepa-
ration, the interactions between the organic and the inorganic domains need to 
be stronger than the agglomeration tendency of the inorganic component  [63] . As 
a consequence, the nature of the interface between the organic and inorganic 
components has been used to classify these hybrids into two main classes. 

 When only weak interactions are present between organic and inorganic 
domains (such as van der Waals contacts, or other weak bonds) the hybrids are 
classifi ed as  Class I . When at least a fraction of the organic and inorganic com-
ponents are linked through strong chemical bonds, the hybrids are classifi ed as 
 Class II   [64] . 

 Inorganic nanoparticles can be either dispersed into the epoxy monomer or 
generated  in situ  during the polymerization, via a sol – gel process. In the following 
sections both systems are considered. 

  12.3.1 
 Dispersion of Inorganic Nanobuilding Blocks 

 The incorporation of inorganic nanoscale materials into an epoxy matrix provides 
access to greater hardness and improved scratch resistance of an epoxy coating. 
Surface functionalization of the nanofi ller is often necessary in order to increase 
their compatibility, optimize their dispersion and allow the achievement of greater 
improvements of the properties. 

 Several kinds of ceramic powders, including SiC, TiO 2  and Al 2 O 3 , were selected 
as fi llers and they were blended with epoxy monomer, photocuring agent and other 
additives to prepare heavy - duty and anti - wear coatings  [65] . The infl uence of the 
type of fi ller, powder size and dispersion homogeneity on the coating properties, 
was investigated. The results showed that the wear and corrosion resistance of the 
coating could be improved signifi cantly by promoting the homogeneous disper-
sion of the ceramic particles into the epoxy monomer. 

 Silica nanoparticles were employed, in concentrations between 5 and 15   wt%, 
in order to obtain organic – inorganic hybrid coatings via UV - curing of an epoxy -
 based system  [66] . The infl uence of the presence of SiO 2  on the rate of polymeriza-
tion was investigated by real - time RT - FT - IR. The silica nanofi ller induced both a 
bulk and a surface modifi cation of the UV - cured coatings with an increase in  T  g , 
modulus and surface hardness with the amount of silica. TEM images confi rmed 
that the silica fi ller kept a size distribution ranging between 5and 20   nm, without 
macroscopic agglomeration. Figure  12.6  shows a TEM image of the cured epoxy 
containing 15   wt% nanosilica.   

 These results showed that a strong interaction between silica nanoparticles and 
the polymeric matrix was achieved, probably due to chemical bonds produced by 
chain transfer reactions involving silanol (SiOH) groups. 

 Iron oxide nanoparticles were functionalized by means of sol – gel chemistry, 
introducing epoxy group functionalities on their surface. The functionalized nano-
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particles were introduced as nanofi ller (up to 10   wt%) into a dicycloaliphatic epoxy 
photocurable monomer (CE) and the formulations were cured by means of UV 
light  [67] . All the cured samples were transparent, suggesting that no macroscopic 
phase separation was produced. TEM images (Figure  12.7 ) showed that the size 

     Figure 12.6     TEM micrograph of a cured epoxy coating containing 15   wt% of dispersed 
nanosilica (photoinitiator was triphenylsulfonium hexafl uoroantimonate at 2   wt%; light 
intensity at the surface of the sample was close to 30   mW   cm  − 2 ).  

     Figure 12.7     TEM micrograph of a cured epoxy coating containing 10   wt% Fe 2 O 3  
nanoparticles.  
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distribution of inorganic particles ranged from 5 to 10   nm. The control of the phase 
separation in the nanoscale range offers the possibility to obtain transparent com-
posite coatings with improved mechanical properties.   

 The cured fi lms showed an important increase in  T  g  with the content of iron 
oxide nanoparticles in the photocurable formulation. In general, the increase in 
 T  g  is attributed to a good adhesion between the polymer and the fi ller, so that the 
nanometric size particles can restrict the segmental motion of the polymeric 
chains with a consequent increase in the glass transition temperature. In the case 
of the reported investigation, this good adhesion was made possible due to the 
functional groups present on the nanofi ller surface which can take part in the 
polymerization process. 

 Antistatic epoxy coatings were obtained, for the fi rst time, by cationic UV - curing 
of an epoxy monomer in the presence of a very low content of carbon nanotubes. 
It was shown that the addition of only 0.025   wt% of CNTs into the epoxy monomer 
was suffi cient to obtain a nanocomposite suitable for applications requiring elec-
trostatic discharge  [68] . An extended percolative structure forming a conductive 
CNT network was clearly evidenced by TEM analysis within the polymeric matrix. 
The use of such a UV - cured epoxy material system for antistatic coatings is quite 
promising.  

  12.3.2 
  In situ  Generation of Inorganic Domains 

 An interesting method to obtain hybrid organic – inorganic materials as an alterna-
tive to the use of preformed nanoparticles, is the  in situ  sol – gel process which 
allows the generation of inorganic domains within the polymeric network ( [69] , 
see also Chapter  8 ). It involves a series of hydrolysis and condensation reactions 
starting from a hydrolyzable multifunctional metal - alkoxide as precursor of the 
inorganic domain formation  [70] . 

 The use of a suitable coupling agent permits one to obtain a strictly intercon-
nected network, preventing macroscopic phase separation. The coupling agent 
provides bonding between the organic and the inorganic phases, therefore well -
 dispersed nanostructured phases may result  [71] . The combination of sol – gel 
reactions with a photopolymerization process allows one to benefi t from the 
advantages of both processes. 

 Organic – inorganic hybrid coatings containing silica domains were prepared by 
using  tetraethoxyorthosilicate ,  TEOS , as the inorganic precursor of the silica 
network, and  glycidoxypropyl - trimethoxysilane ,  GPTS , as coupling agent. The 
organic epoxy matrix was obtained by cationic ring - opening polymerization initi-
ated by a photogenerated Br ø nsted acid  [72, 73] . Under this acidic condition, 
siloxane groups react with moisture and generate silanol groups that can condense 
to form siloxane crosslinks  [74] . Therefore, both the epoxy ring - opening polymeri-
zation and the sol – gel reaction of TEOS are catalyzed by the acid generated by UV 
degradation of an onium salt. GPTS can act as a coupling agent inducing a strong 
chemical interaction between the organic and inorganic domains, which is crucial 
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for the formation of the nanocomposite fi lms. Figure  12.8  shows DMTA thermo-
grams of the cured systems.   

 The  T  g  region is characterized by a strong decrease in  E  ′  and a broad tan  δ   peak 
with the broadness increasing with the amount of TEOS in the photocurable 
formulations, a typical behavior for composites  [75] . In addition, an increase in 
the rubbery modulus with the TEOS content was observed. The increase in both 
 T  g  and rubbery modulus can be attributed to the presence of strong and extensive 
interfacial interactions between the organic and inorganic phases. In fact, the 
inorganic silica particles, formed during the sol – gel process, can restrict the seg-
mental motion of the polymeric chains and increase the crosslinking density of 
the polymer network. AFM analysis gave evidence of these strong interactions, 
showing the formation of silica domains in the nanoscale range size. 

 Titania  [76]  and zirconia  [77]  inorganic domains were generated within an epoxy 
matrix using the same technique starting with different inorganic precursors. 
Transparent coatings with high refractive index were obtained that could fi nd 
advanced applications as antirefl ective coatings or in the optical industry. 

 Metallic nanoparticles also have special properties and fi nd advanced functional 
applications when dispersed into epoxy coatings. A novel approach for the  in situ  
synthesis of silver - epoxy nanocomposites based on photoinduced electron transfer 
and cationic polymerization processes was recently proposed  [78] . In this approach, 
electron donor alkoxybenzyl radicals, formed by the photoinduced cleavage of 
2,2 - dimethoxy - 2 - phenyl acetophenone, are oxidized to the corresponding carbo-
cations capable of initiating cationic cross - linking of a bisepoxide, namely 
3,4 - epoxycyclohexylmethyl - 3 ′ ,4 ′  - epoxycyclohexane carboxylate in the presence of 
silver hexafl uoroantimonate, with concominant formation of silver nanoparticles. 
The reaction scheme is:

    Figure 12.8     DMTA thermograms showing  E  ′  and tan  δ   curves for cured epoxy networks 
based on  hexanedioldiglycidyl ether  ( HDGE ), containing increasing TEOS amounts as silica 
precursor.  
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 It was shown that silver nanoparticles were homogenously distributed in the 
network without macroscopic agglomeration. This method is, in principle, appli-
cable to any other metal salts, such as gold salts, which undergo similar redox 
reactions with photochemically generated electron donor radicals.   

  12.4 
 Conclusions 

 The preparation of nanostructured epoxy coatings by cationic photopolymerization 
has been reviewed. The incorporation of organic and inorganic nanoparticles into 
the epoxy matrix yields hybrid materials with unique and versatile properties, 
which opens a new set of advanced applications for epoxy polymers. 

 Block copolymers (BCP) are employed as organic nanobuilding blocks and many 
applications can be foreseen based on their ability to form regular nanometer - scale 
patterns within a matrix. In this context, fast UV - induced curing reactions can be 
a useful technique for the network formation as they  “ freeze ”  the self - assembled 
structure generated in the initial formulation, avoiding further reorganization. 
Hyperbranched polymers were also investigated as organic nanobuilding blocks 
for the generation of advanced epoxy coatings characterized by good mechanical 
properties and good toughness. 

 Inorganic nanoparticles such as, SiO 2 , TiO 2 , Fe 2 O 3 , and others, were dispersed 
as nanofi ller into an epoxy UV - curable monomer in order to improve the hardness 
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and scratch resistance of the cured coatings. Alternatively, a dual curing UV -
 thermal process involving a sol – gel technique was used in order to generate  in situ  
the inorganic domains. Both, the epoxy ring - opening polymerization and the 
sol – gel reaction of a metal alkoxide could be catalyzed by the acid produced by the 
UV degradation of an onium salt. The use of a suitable coupling agent permitted 
one to obtain a strictly interconnected network, preventing macroscopic phase 
separation. 

 In conclusion, cationic UV - curing polymerization of epoxy monomers has been 
demonstrated to be an appropriate technique to produce nanostructured epoxy 
coatings which could fi nd advanced and innovative applications in fi elds such as 
optics, electronics, membranes, sensors, catalysis and protective coatings.  
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 Electron Beam Curing of Epoxy Composites  
  Felipe   Wolff - Fabris   and   Volker   Altst ä dt        

   13.1 
 Introduction to Electron Beam Curing 

  13.1.1 
 Historical Aspects 

 Since the fi rst observed radiation polymerization, reported in 1938 by Hopwood 
and Phillips, a number of researchers have dedicated their efforts to understand-
ing and further developing this fi eld. At the end of the 1950s, Charlesby and 
Wycherley  [1]  showed that a polyester resin cured by electron beam could reach 
comparable properties to a standard thermal curable formulation, setting the basis 
for the electron beam curing of resins by free radical mechanisms. 

 The radiation processing has advanced together with the development of com-
posite materials. A number of studies in the following decades reported the curing 
of composites based on acrylate resins  [2 – 4] . Although the electron beam cured 
systems showed similar properties to thermally cured acrylate resins, these materi-
als had a number of disadvantages in comparison to current high performance 
thermal curable epoxy systems  [5] , such as low modulus or shrinkage upon curing. 

 However, contrary to acrylates, epoxy monomers do not undergo polymerization 
simply by exposure to electron beam irradiation, they require cationic initiators, 
and, until that moment, very little commercial use had been made of cationic 
crosslinking reactions. The reason was simple: the combination of conventional 
cationic initiators, typically Lewis or Br ø nsted acids, with multifunctional mono-
mers, usually resulted in nearly instantaneous and irreversible gelation. This lack 
of latency made it impossible to use this polymerization chemistry for any practical 
fabrication purpose. 

 A major breakthrough in ionic curing reactions initiated by electron beam irra-
diation came with the key discovery from Crivello  et al.   [6]  that certain onium salts 
effi ciently initiate the cationic polymerization of virtually all known types of 
cationically polymerizable monomers, including epoxy. Moreover, these salts 
displayed excellent latency and the polymerization of these resin systems could 
be triggered on demand, rapidly and homogeneously. 
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 In the mid - 1990s, long term projects dedicated to the development of electron 
beam curable epoxy composites were fi nanced in the USA by the Department of 
Energy  [7, 8]  and, more recently, in Germany by the Ministry of Education and 
Research  [9] . These projects investigated and developed new epoxy polymer matri-
ces for high performance composites, resulting in a number of publications  [10 –
 15]  and patents  [16 – 18] .  

  13.1.2 
 Curing Reaction 

 High - energy electrons, when impacting matter, generate ionic species, free radi-
cals, and molecules in excited states capable of initiating and sustaining polymeri-
zation. In general, acrylates undergo polymerization by a free radical mechanism. 
On the other hand, epoxy polymerizes via cationic mechanisms  [68]  (see also 
Chapter  1 ), using Br ø nsted or Lewis acids as initiators, which can be generated 
from a variety of species upon irradiation. A detailed description of available initia-
tors is found in Section  13.2.1 . 

 Due to the energy transmitted by the electron beam, the acid is released from 
the initiator, and starts the polymerization by protonation of the epoxide ring. The 
resulting active species are capable of attacking further epoxy groups, and conse-
quently starting propagation reactions. A general schema for the curing mecha-
nism is shown in Figure  13.1   [19] .   

 Unlike the radical - mediated reactions, cationic curing reactions do not suffer 
from oxygen inhibition. However, they are dramatically affected by water, which 
as a nucleophilic species likely interferes in the ring - opening polymerization reac-
tion and reacts with growing macrocarbocations. Whilst these reactions terminate 
the propagation of the growing chain, they do liberate a proton in the process 
thereby enabling cure to proceed. 

 A striking phenomenon observed for electron beam curing of epoxy networks 
is that polymerization seems to take place spontaneously, even after irradiation 
has ceased. The cationic cure process by electron beam irradiation can, therefore, 
be divided into two parts,  “ dark ”  reactions (reactions that occur after the beam is 
off) and  “ light ”  reactions (reactions that occur during irradiation). 

     Figure 13.1     Epoxy opening cationic reaction: (a) Formation of carbocation; (b) ring opening.  
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 The  “ light ”  reactions are characterized by a very rapid response to irradiation, 
with a reaction rate that increases approximately linearly with the applied dose. 
These reactions are also characterized by a rapid rate of decay following the end 
of irradiation, with a decay time constant that appears to follow an Arrhenius 
relationship.  “ Dark ”  reactions on the other hand do not decay on the same time 
scale as the  “ light ”  reactions, although it is possible that they also have a fi nite 
life time  [20] . It is also reasonable to assume that the  “ dark ”  reactions proceed 
unabated during irradiation, at which time the  “ light ”  reactions are superposed 
on these  “ background ”  reactions. 

 Although electron beam curing is a non - thermal activated cure process, it is 
known that during curing the temperature of the material increases, mainly due to 
the exothermic nature of the polymerization reaction. The effect of polymerization 
reaction heat can therefore be used favorably to obtain high conversion, as cationic 
polymerization is highly temperature dependent. Studies show that the increase in 
temperature during electron beam curing provides more mobility to monomers 
and oligomers, resulting in higher fi nal conversion  [21] . Furthermore, a correlation 
between the temperature reached during cure and the network homogeneity and 
the glass transition temperature of the matrix have also been reported  [22] . 

 In composite materials the reinforcing fi bers greatly suppress the resin exother-
mic reaction, both by displacing the resin and by absorbing the heat evolved. The 
fi bers present in the resin can be seen as an inert material that acts like a heat 
sink. Hence, it is possible that the crosslinking reaction in a composite reaches a 
lower extent in comparison to the neat resin  [23] . A heat overshoot, produced by 
the radiation or the reaction energy of the resin, has been proposed in order to 
compensate the lower overall heat generation  [24] .  

  13.1.3 
 Parameters Infl uencing the Curing 

 Electron beam curing offers an unparalleled fl exibility in terms of processing, 
which means that, as required, the cure can potentially be quick or slow, at high 
or low temperature, and even selectively cure sections of a component  [25] . 
However, the same features of electron beam curing that lead to this fl exibility 
also lead to the complexity of the process, which can be considered as one of its 
biggest drawbacks. The numerous interacting phenomena involved in radiation 
curing of polymers and composites make it very diffi cult to predict a priori the 
appropriate process conditions required to produce high - quality robust compo-
nents. In this section, some of the major aspects infl uencing the curing reaction 
of epoxy composites are discussed. 

13.1.3.1   Irradiation Energy 
 The irradiation energy is directly related to the effective beam penetration, and 
therefore to the maximum composite thickness that can be treated uniformly. The 
penetration depth can be estimated from the following relationship  [26] :

   W
E

a =
2 2.

    (13.1)  
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where  W  a  is the material area per unit mass in g   cm  − 2  and  E  is the electron beam 
energy in MeV. 

 The energy of typical electron beam accelerators used for composite curing 
is around 10   MeV. Therefore, assuming a density of 1600   kg   m  − 3  for a carbon -
 reinforced epoxy laminate, the maximum thickness of the component part that 
can be cured is estimated to be 21   mm.  

13.1.3.2   Irradiation Dose 
 The irradiation dose delivered to the material is defi ned as the energy absorbed 
per unit mass and is expressed in  kiloGray  ( kGy ), where 1   Gy   =   1   J   kg  − 1 . 

 The radiation process creates a large number of initiating active species in a 
fraction of a second and a very high dose may therefore result in an exotherm that 
could thermally degrade, foam or even ignite the part. Furthermore, parallel to the 
cationic reactions, radical – radical reactions can also take place and be enhanced, 
causing premature termination of the propagating chain with concomitant reduc-
tion in the resulting average chain length of the polymer  [27] . 

 Typically, the radiation processing of composites is done in several passes to 
prevent over - heating of the material and tooling. The temperature rise is rapid 
during the fi rst pass due to a combination of polymerization exotherm and direct 
electron beam heating. Additional passes accumulate the dose to maximize com-
posite properties, but produce little additional exothermic effects  [28] . 

 The majority of polymer matrix composites cure at doses ranging from 70 –
 250   kGy. The specifi c dose and number of passes depend on the specifi c resin 
used, the initiator used and its concentration, fi ber type, and the percentage of 
fi ber content.  

13.1.3.3   Impurities 
 Impurities in resins can slow down polymerization by consuming the active 
species. Therefore, in order to start propagation and, consequently, crosslinking, 
a critical concentration of cations has to be produced to compensate the effect of 
impurities  [29] . 

 Absorbed water plays an important role in the cationic polymerization reaction. 
Results suggest that water, at a concentration comparable to that found in resin 
exposed to typical ambient conditions, reduces the molecular weight of the result-
ing polymeric product  [19] . Further substances that should be avoided in cationic 
polymerization include  [30] : active nitrogens (amine, hydrazines, etc.), anionic 
surfactants, calcium carbonate and basic clays, alkaline materials, and strong 
anions (Cl  −  , Br  −  , OH  −  ).  

13.1.3.4   Initiator Content 
 Increase in initiator content is a method to attain a higher concentration of reactive 
specimens, and therefore faster curing reaction rates  [31] . However, very high 
concentrations of initiator may lead to thermal degradation due to the polymeriza-
tion exotherm, as well as plastifi cation of the polymer matrix by photoinitiator 
degradation products. This plastifi cation has a direct impact on the properties of 
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the materials, such as a signifi cant decrease in the glass transition temperature 
 [21] . 

 Therefore, each initiator structure has an optimum concentration for a defi ned 
curing dose. The optimum content of most commercially available initiators 
ranges between 1   and 3   wt%, depending on the specifi c resin formulation.  

13.1.3.5   Thermal History 
 The maximum temperature rise due to radiation exposure, that means the heating 
due only to the stoppage of electrons in the matter, can be estimated as  [32] :

   ΔT
D

Cp

=     (13.2)  

where   Δ T  is the temperature rise in  ° C,  D  is the exposure dosage in kGy and  C p   
is the material specifi c heat in J   g  − 1     ° C  − 1 ). 

 Standard epoxy monomers ( C p   approximately 1.84   J   g  − 1     ° C  − 1 ), under usual elec-
tron beam irradiation curing conditions (dose of 35   kGy per pass), has therefore a 
temperature rise of around 19    ° C per pass. This value becomes insignifi cant when 
compared to the temperature rise due to the chemical reaction, which may reach 
values up to 150 or 200    ° C, depending on the specifi c irradiation conditions. 

 After an induction dose, a steep temperature increase occurs reaching a 
maximum value, followed by a rapid decrease to a temperature slightly above the 
ambient conditions. After this pronounced peak, the temperature of the samples 
increases slowly due to the continuing absorption of radiation energy. The most 
important factors infl uencing the temperature rise of the material during curing 
are related to the type and amount of initiator. Nevertheless, the epoxy monomer 
structure itself also plays a major role. For instance, it was observed that the viscos-
ity and temperature rise are inversely proportional  [12] . 

 In order to increase the mobility of the reactive species during cure, heating of 
the samples prior to irradiation may have a positive effect on the curing process, 
as suggested by Glauser  et al.   [33] . It was reported that starting the curing reaction 
at 80    ° C, instead of room temperature, resulted in higher glass transition tempera-
tures. The additional heat development led to an increased mobility of the reactive 
species. 

 In most cases it would not be economically advantageous to heat up the com-
ponent prior to irradiation. On the other hand, a more powerful electron beam 
accelerator could compensate a small lack of thermal energy in the bulk of the 
material, but it would decrease the energy output of the system. A more effective 
solution is the addition of highly exothermic reactive diluents to the resin.   

  13.1.4 
 Curing Facilities and Safety Issues 

 Over the past 50 years, electron beam accelerators have played a signifi cant role 
in the radiation processing of polymeric materials. Industrial electron beam accel-
erators with energies in the 150 – 300   keV range are in use in applications where 



 258  13 Electron Beam Curing of Epoxy Composites

low penetration depth is required, such as curing of surface coatings. Accelerators 
operating in the 1.5   MeV range are used where more penetration is needed (i.e., 
crosslinking of cable insulation), whereas high - energy commercial electron beam 
accelerators, operating in the 3 – 10   MeV range, are typically used for applications 
such as curing of composites for aerospace applications and sterilization of dispos-
able medical devices  [34] . Energies above 10   MeV are rarely employed because of 
the imminent danger of generating radioactive elements  [35] . 

 Theoretically, the amount of composite materials being cured by an electron 
beam is directly proportional to the electron beam power, measured in kW. Elec-
tron beam processing is performed in commercially available high power accelera-
tors (e.g., 50   kW), which are equipped with a variety of material handling systems 
 [36] . 

 A number of the electron beam irradiation facilities today are captive. This 
means that they are owned by a particular company and used exclusively on that 
company ’ s specifi c product line. At the same time, there are other facilities that 
service many customers or companies coming to them to purchase beam time, 
and they process a whole range of different materials. 

 A large variety of composite products can be cured at the existing industrial 
irradiation facilities. However, if very large composite products need to be manu-
factured, the radiation source and the target room need to be appropriately 
designed such that both the source and the product can be moved and rotated for 
uniform irradiation of the product  [5] . 

 A typical electron beam accelerator operates on the principle of a Braun tube. 
Inside a volume (the beam tube), where the air has been extracted, electrons are 
generated by heating a fi lament (cathode). A strong electrical fi eld causes the 
emitted electrons to be drawn (extracted) from the area surrounding the fi lament. 
The electrons are additionally accelerated and collimated as they travel down the 
beam tube and through a magnet. This magnet scans the electron beam back and 
forth in a high frequency alternating magnetic fi eld (ranging from 100 to 400   Hz) 
so that at the end of the scan horn the electron beam fans out and is projected onto 
the product, as a  “ shower ”  of electrons. A titanium foil separates the vacuum region 
from the atmosphere, which means that the composite parts can be cured under 
ambient conditions. Either cart - on - track systems or conveyor belts are widely used 
for irradiation of simple parts, and move the component under the scan horn. 

 The stoppage of fast electrons in the matter generates X - rays, which are hazard-
ous to human health. X - rays cause cell damage that can lead to cancer formation 
or genetic mutations. Even at low dosage, X - ray exposure can cause skin burning 
and general radiation syndrome  [37] . The human lethal dose is approximately 4 
to 5   Gy  [38] , which is extremely low compared to the dose required for the cure of 
composites (around 150   kGy). Thus, electron beam facilities should provide ade-
quate shielding for the staff. 

 The majority of industrial electron beam installations rely upon poured concrete 
(density   =   2.35   g   cm  − 3 ) or pre - cast concrete blocks to provide shielding from the 
X - rays emitted when the uni - directional electron beams impinge upon a material 
 [39] . Guidelines limiting personnel exposure have been established which have led 
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to the construction of concrete beam vaults of typically 1.5 – 3.5   m thick for beam 
energies in the range of 3 – 10   MeV. Experienced accelerator manufacturers and 
designers of electron beam processing facilities provide more than adequate 
worker protection, including adroitly designed labyrinths and safety interlocks. A 
schematic view of such a facility is shown in Figure  13.2   [40] .     

  13.2 
 Material ’ s Features 

  13.2.1 
 Initiators 

 In 1999, Crivello reported the key discovery that certain onium salts could act as 
highly effi cient photoinitiators for the electron beam curing of epoxy precursors 
 [41] , thanks to the excellent latency and reactivity upon irradiation. Among the 
onium salts, diaryliodonium   Ar I MF2[ ]+ −

n  or triarylsulfonium salts   Ar S MF3[ ]+ −
n  with 

weakly or non - nucleophilic anions (  X BF− −= 4 ,   PF6
− ,   AsF6

−  or   SbF6
− ), Figure  13.3 , 

were identifi ed as particularly suitable initiators. Initial investigations concentrated 
on UV curing  [42 – 47] , especially for coatings (see Chapter  12 ), but in the mean-
while it was shown that these compounds are also very well suited as initiators for 
electron beam processing  [48, 49] , even of deep section substrates and composites 

     Figure 13.2     Standard facility of electron beam irradiation site.  (Reproduced with permission 
from  [40] ).   
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 [50] . Examples of commercially available initiators are Rhodorsil 2074 from Rhodia 
(iodonium salt) and Cyracure UVI 6990 from Union Carbide (sulfonium salt).   

 Besides the onium initiators, a radically different class of cationic photoinitiators 
is based on metal compounds  [51, 52] . An outstanding performance for electron 
beam induced cationic polymerization  [53]  was observed using cyclopentadienyl 
iron(II) arene complexes  [54, 55] . Some of the features of these initiators include 
tunable absorption characteristics by variation of the arene ligand, high thermal 
stability, high effi ciency and good availability at moderate synthesis expenditure. 
The general structure of cyclopentadienyl iron(II) arene complexes is shown in 
Figure  13.4 .   

 Silver alkene complexes [Ag(alkene)  a  ]MF  n   with weakly basic anions such as 
SbF 6   −   represent another class of highly effi cient metal complex initiators for cati-
onic polymerizations. Very recently, a series of such complexes was successfully 
employed as highly effi cient initiators for the electron beam induced curing of 
epoxy monomers  [15] , with performance similar to highly active iodonium salt 
initiators. 

 The coordination number of the silver atom in such complexes is usually two, 
three or four and depends on the alkene and the anion. The use of alkenes with 
more than one double bond can result in the formation of coordination polymers 
and the structural complexity and variety increase with the number of double 
bonds in the alkene ligand. The reaction of AgSbF 6  with 1,7 - octadiene, for example, 
yields a one - dimensional coordination polymer (Figure  13.5 ) consisting of silver 
centers alternatively linked by one and two alkene moieties  [18] .   

 Various essential characteristics of the different classes of salt initiators described 
above (onium salts, iron complexes and silver complexes) can be assigned to the 

I
+

X

Iodonium Salt

S
+

X

Sulfonium Salt

     Figure 13.3     Diaryliodonium and triarylsulfonium initiators (  X BF− −= 4 ,   PF6
− ,   AsF6

−  or   SbF6
− ).  
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     Figure 13.4     Cyclopentadienyl iron(II) arene complexes.  
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respective cation and anion moieties of these compounds  [41, 56] . For the effi cient 
initiation of polymerization by Br ø nsted acids, super acids derived from the initia-
tor anion are required. One of the strongest Br ø nsted acids known, and thus one 
of the most powerful initiating species for cationic polymerization, is HSbF 6   [57, 
58] . This acid is readily generated  in situ  by photolysis of salt initiators bearing the 
SbF 6   −   anion. The rate of chain propagation depends on the basicity and nucle-
ophilicity of the anion and polymerization rates increase with decreasing basicity 
and nucleophilicity of the anion  [59] . Thus, within a series of photoinitiators with 
structurally identical cations but different anions, initiator activities increase in the 
order:

   BF PF AsF SbF4 6 6 6
− − − −< < < .   

 Therefore, the nature of the anion and its stability determines the strength of the 
acid formed during photolysis and its corresponding initiation effi ciency. The 
nature of the anion also determines the character of the propagating ion pair. This 
affects directly the polymerization kinetics and whether termination can occur by 
anion - splitting reactions. 

 On the other hand, several important initiator properties, for example, radiation 
absorption characteristics, radiation sensitivity, compatibility with other additives 
such as photosensitizers, solubility in the monomers, toxicity or thermal stability, 
depend strongly on the cation type and substituents at the cation framework. The 
thermal stability, for instance, has a direct impact on the latency of these photoini-
tiators and determines, ultimately, whether they can be employed in industrial 
applications. Typical formulations of epoxy monomers with commercially availa-
ble initiators are light sensitive but can be stored in the dark without loss of activity, 
and pot lives at room temperature are in the range of at least several months. 
Moreover, these resins can be safely handled at temperatures up to 100    ° C for some 
hours, even exposed to daylight.  

  13.2.2 
 Epoxy Monomers 

 Although virtually every type of epoxy precursor can be polymerized by electron 
beam curing, their reactivity is strongly affected by both steric and electronic 
factors as well as the presence of other functional groups in the monomer  [60] . 

Ag+

Ag+

Ag+

n
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–
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–
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–

     Figure 13.5     Structure of the coordination polymer composed of AgSbF 6  and 1,7 - octadiene 
 [15] .  
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 For instance, in terms of glycidylether - based epoxy monomers, which are pre-
dominantly employed for the manufacture of high performance materials by 
electron beam curing, the higher density of reactive groups in epoxy novolacs in 
comparison to bisphenol A - based resins leads to a more exothermal curing reac-
tion and gives rise to a higher temperature in a shorter time. Consequently, epoxy 
novolacs reach a higher crosslinking degree than bisphenol A glycidylethers at a 
lower radiation dose. Typical chemical structures for epoxy novolac and bisphenol 
A based resins are shown in Figure  13.6 .   

 The  epoxy equivalent weight  ( EEW ) of the monomer also infl uences the reactiv-
ity of the resins. By increasing the EEW, the reactivity of the epoxy precursor with 
respect to electron beam curing is reduced. On the other hand, the key properties 
of the cured material depend on both EEW and the functionality (number of epoxy 
groups per monomer). For instance, a reduction in EEW and increase in the 
functionality will lead to higher glass transition temperatures and lower toughness 
 [6] . 

 It should be pointed out that most of the nitrogen - containing epoxy monomers, 
for example, glycidylized 4,4 ′  - methylenedianiline or 4 - aminophenol used for high 
performance aerospace applications, are, due to their basicity, not compatible with 
a cationic reaction mechanism.  

  13.2.3 
 Toughness Modifi cation 

 Tough resin systems are critically important for use in many structural composite 
applications since they can signifi cantly reduce the probability of catastrophic 
failure caused by impact damage compared with brittle resins. Additionally, tough-

O

O O

OH

O

n

O

O

(a)

O

O

H2
C

O

O

O

O

H2
C

n (b)

     Figure 13.6     Chemical structures of typical electron beam curable resins: (a) bisphenol A 
based epoxy, (b) epoxy novolac.  
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ness hinders the initiation and progression of damage leading to sudden failure. 
Because resins cured with an electron beam usually present very homogeneous 
highly crosslinked networks, these resins tend to be particularly brittle. Resins 
intended for use in aircraft, aerospace, and many other applications must therefore 
be modifi ed to increase the toughness and impact resistance  [61] . Some of the 
results regarding the modifi cation of electron beam cured epoxies are summarized 
in the next paragraphs. 

  Core – shell rubber s ( CSR ) are preformed particles containing an acrylic - based 
outer - shell and a rubber core, with a well - defi ned size. Such a toughening agent 
was incorporated to electron beam curable epoxy formulations, at contents up to 
10   wt%. A signifi cant increase in fracture toughness of approximately 50% was 
reported  [10] . However, the glass transition temperature and Young ’ s modulus 
decreased and, at the same time, water absorption increased. 

 A different approach to toughen high performance thermally curable epoxies 
is modifi cation with engineering thermoplastics, such as  PSU  ( polysulfone )  [62]  
or  PEI  ( polyetherimide )  [63] . The formation of a co - continuous morphology has 
been reported to be the most effective in toughening thermally curable epoxy 
networks. However, the spinodal phase separation was not observed for electron 
beam curable formulations toughened with similar thermoplastics, because 
the fast curing process resulted in insuffi cient time for phase separation 
and particles growth  [10] . As consequence, only a limited increase in fracture 
toughness was observed. However, in contrast to the modifi cation with core – 
shell rubber particles, glass transition temperature and Young ’ s modulus were 
not signifi cantly affected by the modifi cation of resins with engineering 
thermoplastics. 

 The fi eld of toughness modifi cation of electron beam curable resins remains 
one of the main challenges for the rapid widespread use of this technology. This 
topic is currently receiving considerable attention from the scientifi c community 
and a large number of studies are currently expected in the near future.  

  13.2.4 
 Interfacial Properties Between Fibers and Matrix 

 All reinforcing fi bers that are traditionally used for advanced composites, such as 
glass, carbon and aramid fi bers, can also be employed for electron beam cured 
composites. Among these fi bers, carbon fi bers have been shown to be particularly 
suited to electron beam processing, since they exhibit excellent radiation stability, 
tolerating about 1000 times the typical curing dose. 

 Historically, much work was conducted to improve the interfacial strength 
between carbon fi bers and thermally cured epoxy systems. Proper surface treat-
ment and sizing materials were developed over the years to optimize this critical 
aspect of composite performance. 

 Several studies showed that the surface treatment and sizings developed for 
thermally curable epoxies are not suitable for electron beam curable resins. For 
instance, the interfacial shear strength of electron beam cured composites, as 
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measured by debonding fi bers from the matrix, was typically 30 – 60% lower than 
that of thermally cured analogs  [25] . 

 The French Company Aerospatiale was the fi rst to design new fi ber sizings 
specially suited for electron beam curing of composites. The method used focused 
on fi ber sizings that promoted the establishment of covalent chemical bonds 
among the components, obtaining signifi cant enhancement of the fi ber/matrix 
adhesion. However, the study focused on carbon fi ber - reinforced acrylate resins. 

 Regarding epoxy systems, different approaches to improve interfacial strength 
have been investigated, such as oxidation of carbon fi bers in sulfuric acid, 
use of sizings based on dialdehyde and isocyanates and plasma treatment  [64, 
65]  (see also Chapter  10 ). All these methods resulted in an increase in the 
interfacial shear strength of electron beam curable composites in the range 30 
to 50%. 

 Although comparable properties between thermal and electron beam curable 
composites are found in the literature  [25] , further investigations into the interfa-
cial effects of electron beam curable systems are still required. These investigations 
are currently advancing, mainly focusing on the elucidation of the new mecha-
nisms for interface/interphase formation related to electron beam curing.   

  13.3 
 Manufacturing Process 

 Electron beam curing of composites must be combined with a suitable composite 
laminating technology. Some of the already established methods used for ther-
mally curable composites (for more details see Chapter  14 ) have been adapted 
to electron beam curing, such as hand lay - up with hot debulk, fi lament winding 
and automated tape placement. Filament winding was possibly the most widely 
used manufacturing process in combination with electron beam curing, 
which resulted in the manufacture of a variety of different structures for rocket 
cases. 

 Furthermore, some molding technologies were specifi cally developed for elec-
tron beam curing, such as lost core molding for single use applications, where 
wax has been used due to low cost and ease of casting. 

 The curing of the composite part under pressure typically used in high perform-
ance applications in order to reduce the porosity, although possible, is considered 
to be impractical for most products because two of the benefi ts of electron beam 
curing, the overall production speed and the simplicity of the process, are lost  [21] . 
A judicious choice and analysis of the effect of releasing agents on electron beam 
curing should be carried out prior to its use, as inhibition of the curing on the 
surface of the part have already been reported  [33] . 

 Typically, the tools used in electron beam curing do not have to tolerate the 
long - term high curing temperatures. Therefore, lightweight inexpensive tooling 
materials such as injection - molded polyethylene, wood and cardboard can be used 
for the composites manufacturing in many applications.  
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  13.4 
 Perspectives 

  13.4.1 
 Cost Analysis 

 If electron beam curing of composite materials becomes established as an indus-
trial process, there will be far - reaching benefi ts to the entire composite industry, 
primarily because of a reduction in the manufacturing costs. 

 Six independent economic studies of the electron beam curing process in aero-
space manufacturing applications have concluded that cost savings of 25 – 65% are 
possible, depending upon the part, including both recurring and nonrecurring 
costs  [66] . These impressive savings result from the following characteristics of 
the electron beam process in comparison to standard thermal cure: 

  1)     Curing time is reduced. The signifi cant reduction in curing time may allow a 
manufacturer to utilize an electron beam system as an in - line curing technique 
in their fi ber - reinforced polymer composite fabrication processes.  

  2)     Tooling costs are reduced. In general, electron beam curing is done at ambient 
temperatures, allowing the use of easily - fabricated, low - temperature tools 
such as foam or wood. This vastly reduces the tooling cost, a major expense 
for composite applications.  

  3)     Resin stability at ambient temperatures is improved. Electron beam curable 
resins do not normally auto - cure at room temperature. This leads to an almost 
indefi nite resin shelf - life, reducing scrap and inventory control costs.  

  4)     The production of volatiles is minimized. Electron beam cured resins typically 
produce 0.1% or less volatiles, which can be less than 1% of the emissions 
from thermally - cured resins, minimizing the impact of environmental and 
health concerns.  

  5)     The use of chemical crosslinking agents for thermosetting resins is eliminated. 
Chemical hardeners are typically hazardous (toxic) and carcinogenic. The 
requirement to add hardeners to composite prepreg materials also limits the 
shelf - life of these resins to only a few months, even when stored at refrigeration 
temperatures. Electron beam curable prepregs may be stored for much longer 
periods at room temperature.    

 The major costs for implementing electron beam curing are related to the electron 
accelerator itself and the concrete radiation shielding. Costs of constructing new 
electron beam curing facilities capable of meeting industrial curing of composites 
are estimated to reach up to 4 million Euro. However, the above - mentioned advan-
tages lead to a pay - back period that will naturally depend on the volume of composite 
parts processed. An economical study identifi ed a 2 – 4 year payback period for the 
assumptions of a single program using electron beam curing, a seven - year equip-
ment life, and a total of 24.5 to 40.8   tons of composite processed  [34] . 
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 The energy effi ciency of a typical electron beam accelerator has been compared 
to standard autoclaves. As illustrated in Table  13.1 , a commercially available 50   kW 
accelerator delivering a cure dose of 100   kGy at 70% beam utilization uses roughly 
one - tenth of the energy of a typical autoclave or oven running a 4   h thermal cure 
cycle  [67] .    

  13.4.2 
 Thermal Curing Versus Electron Beam Curing 

 One of the advantages of electron beam curable epoxies in comparison to thermal 
curable analogs is the shrinkage upon cure. Electron beam cured materials have 
shown 2 to 4% shrinkage, while thermally cured epoxies generally range from 4 
to 6%. This characteristic may not only reduce the internal stresses of the com-
posite part, but also improve the aesthetical aspects by enhancing the surface 
quality of the laminate. 

 Concerning the cured material, depending on the monomer structure employed, 
very high glass transition temperatures (above 200    ° C) can be reached, which are 
similar to high performance thermally curable resins used in aerospace applica-
tions. Moreover, the water absorption level of electron beam cured epoxies was 
reported to be similar or lower than that of standard resins. 

 Concerning the microstructure, the low void content of the composites parts 
cured by electron beam, below 1%, was comparable to autoclave cured laminates. 
Furthermore, electron beam cured materials showed excellent retention of proper-
ties after cryogenic and thermal cycling  [21] . Nevertheless, despite these promising 
results, some of the properties of thermally cured laminates cannot yet be met by 
electron beam cured materials. These include fracture toughness and interlaminar 
shear strength, due to the current lack of suitable toughness modifi ers and fi ber 
sizings.  

  13.4.3 
 Potential Applications 

 Rapid processing by means of electron beam curing offers advantages for both 
high - volume and low - volume production in the aircraft, aerospace, automotive, 

 Table 13.1     Relative energy effi ciency of electron beam curing.  

   Equipment type     Specifi cations     Total energy 
(kW   h  − 1 )  

   Capacity 
(kg   h  − 1 )  

   Energy effi ciency 
(kW   h   kg  − 1 )  

  Autoclave    12.2   m length 
 2.4   m diameter  

  480    273    1.76  

  Autoclave    15.2   m length 
 7.6   m diameter  

  7660    2730    2.81  

  Electron beam    10   MeV 
 50   kW  

  400    1800    0.22  
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marine, and sporting goods industries. High - volume part production is acceler-
ated by the short cure times. On the other hand, low - volume production and 
prototyping are made easier by the use of inexpensive, easily constructed fabrica-
tion tools and molds. 

 The combination of high - performance electron beam curable epoxies and 
processing also allows the manufacturing of advanced composite structures that 
cannot be built using conventional manufacturing technologies. Thick cross - 
sectional structures, large surfaces with unbalanced fi ber reinforcement, struc-
tures having embedded metal fasteners, dissimilar fi ber, and/or dissimilar resin 
formulations, are all possible using electron beam curing. 

 A very important fi eld where electron beam curing has already been in use is 
the repair of composite structures. Acetek, a joint venture between Air Canada 
and Acsion Industries, has recently been certifi ed to use electron beam curable 
repair patches at the wing - to - body fairing of the aircrafts Airbus A320 from Trans-
port Canada. This was the fi rst approved electron beam repair application in the 
aviation industry. 

 The aerospace industry is also currently evaluating the implementation of elec-
tron beam technology in its most important market sectors. Some of the study 
programs include military aviation (large single composite structures for advanced 
aircraft), commercial aviation (high speed civilian transport), space exploration 
(lightweight spacecraft structures) and manned spacecraft (reusable launch vehi-
cles and cryogenic fuel tanks). Moreover, the advantages of electron beam curing 
in comparison to standard thermal curable systems also support potential applica-
tions in other sectors, such as ground transportation (lightweight structures with 
high surface quality) and electronic components (drastic reduction of curing time 
of printed circuit boards, a current major production bottle neck). 

 Moreover, there is a trend to use low energy electron beam accelerators, which 
would reduce the initial investment costs of the method. Using this approach, the 
composite parts are not cured throughout the thickness at once, as is currently 
done. Instead, an electron scan horn coupled to an automated tape placement 
cures the individual prepreg layer just after lay - up and consolidation, before the 
next layer is brought to the top of the composite component.   
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 Composite Processing: State of the Art and Future Trends  
  Stephan   Costantino   and   Urs   Waldvogel        

   14.1 
 Introduction 

 In order to produce epoxy composites with the requested quality in an appropriate 
cycle time, process engineers have always been confronted by the need to fi nd 
optimal ways to impregnate the reinforcement material with the epoxy formula-
tion and shape and cure the part. 

 The fi rst production method was the hand lay - up process. This is an easy and 
low - investment process for many applications. But because of its limitations 
(quality, reproducibility, health and safety, etc.) more advanced processes have 
been developed over time to fulfi ll the rising demands. 

 The basics of the classic processes like infusion, RTM, fi lament winding, pultru-
sion, and so on, are described in the next sections as well as new trends towards 
higher levels of sophistication, cleanliness and automation in the production of 
composite parts.  

  14.2 
 Infusion 

  14.2.1 
 Process 

 The infusion process is today probably the most widely used because of the expan-
sion of the wind turbine industry. The dry fabrics are placed in a mold that can 
be internally heated and the resin is infused, with the assistance of a vacuum, to 
impregnate the fi bers. The process is well suited to the production of very large 
parts with relatively low equipment investment. Just one mold is necessary; the 
countermold is a vacuum foil. Therefore no clamping force is required. A big step 
forward was the development in the early 1990s of molds that can be heated using 
liquid fl ow (Figure  14.1 ).    
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  14.2.2 
  SCRIMP  Process 

 In 1990 Seemann patented the  SCRIMP ™  process  ( Seemann composites resin 
infusion molding process ) which is a resin transfer molding process that uses a 
vacuum to infuse liquid resin into a dry lay - up and is used for making very high 
quality, repeatable composite parts with almost zero volatile emissions (Figure 
 14.2 ). The main application is the manufacture of wind blades, boat hulls and 
decks (Figure  14.3 ).   

     Figure 14.1     Infusion of a glider wing (Centrair, France).  

     Figure 14.2     SCRIMP (schematic).  
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 In the basic SCRIMP ™  process, fi ber reinforcements, core materials and various 
inserts are laid up in a tool, followed by a vacuum bag that is placed over the lay - up 
and sealed to the tool. The part is then placed under vacuum and the resin is 
injected into the part via a resin inlet port and distributed through the laminate 
via a fl ow medium and a series of channels, thus impregnating the part  [1] . Parts 
made with the SCRIMP ™  process have high fi ber contents, typically about 60 –
 75% fi ber by weight (50 – 65% by volume), depending on the type of fi ber, the fi ber 
architecture and the type of resin used. The vacuum removes air from the lay - up 
before and while the resin is introduced. The pressure difference between the 
atmosphere and the vacuum provides the driving force for infusing the resin into 
the lay - up.  

  14.2.3 
 Vacuum Assisted Process  

 The  vacuum assisted process  ( VAP ) was patented by EADS Augsburg (Germany) 
in 2005 for aerospace applications. This cost - effective technology is actually used 
to produce the Airbus A380 fl ap tracks. 

 The set - up is similar to the SCRIMP ™  process. The difference is that the 
vacuum bag is replaced by a semi - permeable membrane that is impermeable 
to the resin. A ventilation fabric is placed and sealed off by a standard vacuum 
foil and seal (Figure  14.4 ). The outlet port is placed on the ventilation fabric (not 
on the composite fabric as in SCRIMP ™ ). The air is extracted through the 
semi - permeable membrane and the resin fl ows, fi lling the preform. When 
the preform is fi lled, the fl ow front stops because the resin cannot fl ow through 

     Figure 14.3     Infusion of a boat hull.  
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the membrane. The advantage of this process is that at every position of the 
component, entrapped air can be removed vertically through the membrane. As 
a consequence it is possible to achieve very high quality parts with a negligible 
content of voids  [2] . The main disadvantage of this process is that the accidental 
creation of a hole in the semi - permeable membrane leads to impregnation and 
saturation of the ventilation fabric. In this case the resin tends to go to the vacuum 
port and the infusion stops. Via license, this membrane can be used for non -
 aerospace applications.    

  14.2.4 
 Controlled Atmospheric Pressure Resin Infusion  

 Another liquid infusion process used by the aerospace industry to make high 
performance composites is the  controlled atmospheric pressure resin infusion  
( CAPRI ) process patented by Boeing in 2003. The main feature of this process is 
its ability to make higher fi ber volume fraction components than with the 
SCRIMP ™  process. In the CAPRI process, during infusion the pressure of the 
resin - feed tank is kept below atmospheric pressure. This ensures that a compact 
preform is obtained during the impregnation phase. The net compression pres-
sure is given by the difference between the outlet and inlet vacuum levels  [3] . To 
optimize the fi ber volume fraction, the CAPRI process also includes a cyclic com-
pression of the dry preform in the vacuum bag prior to infusion. It is then possible 
to achieve panel thicknesses equivalent to autoclave - processed panels made from 
prepregs, thereby greatly reducing capital and tooling costs. The main drawback 
is that the speed of infusion is slower than in the SCRIMP ™  process due to the 
lower permeability of the preform.   

Vacuum foil           Breather / Flow 
media

Resin

Tooling

Vacuum

Peel ply 

Sealant tape 

Release film / 
perforated 

Preform / 
Panel

Chamber 1 
(Vacuum )

VAP-

Chamber 2 
(Injection )

     Figure 14.4     VAP (schematic).  
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  14.3 
 Resin Transfer Molding 

  Resin transfer molding  ( RTM ) is one of the most typical processes in the compos-
ite industry. It allows fast, repeatable production of high quality parts, if necessary 
also with class - A surface fi nish. The dry fi bers (mainly preformed fabrics) are 
placed in a closed mold. The resin is injected into this mold. The fl ow behavior 
follows Darcy ’ s law. To increase the part quality vacuum can be applied (Figure 
 14.5 ).   

 Some of the main applications are found in the aerospace industry (lower cost 
process compared to the use of prepregs), automotive sector (roofs, top sleepers, 
chassis, bonnets, engine air - boxes) and sporting goods (hockey sticks, bicycle 
frames, tennis rackets). 

 Some milestones are the Injectex technology (Hexcel), the RTM 6 resin for aero-
space applications and the roof of the BMW M3 as the fi rst serial automotive 
application. 

 Apart from the required thermal and mechanical properties, epoxy formulations 
for RTM must exhibit a low viscosity ( < 500   mPa   s) during the whole injection time 
and a suffi cient pot - life.  

     Figure 14.5     RTM (schematic).  
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  14.4 
 Prepreg 

  14.4.1 
 Process and Applications 

 The process is described in Scheme  14.1 . A prepreg is produced by impregnation 
of a reinforcement fabric with an epoxy formulation. No liquids are handled after 
this step.   

 The matrix in the prepreg is in a so - called B - stage that characterizes an ungelled 
liquid of very high viscosity, but with the necessary tack, fl exibility and shelf life 
to facilitate part production. 

 There are different ways to impregnate the fabric and reach the B - stage. In the 
chemical B - stage, the viscosity is reduced by heating (e.g., in the doctor knife) 
enabling a good impregnation. This is followed by an advance in the polymeriza-
tion reaction to an appropriate conversion below gelation (Figure  14.6 a). In the 
physical B - Stage, the so - called hot melt process is carried out by impregnating 
reinforcements at high temperatures, to reduce viscosity, followed by cooling to 
reach the initial viscosity at room temperature (Figure  14.6 b). The alternative is 
the use of a solvent in the formulation to facilitate impregnation followed by its 
removal in a drying tower (Figure  14.6 c).   

 These processes lead to homogeneous prepregs with constant fi ber content. This 
allows production of constant high - quality composites. Final parts are produced 
by placing prepregs in a mold with a desired build - up, and curing in a heated press 
or in an autoclave under temperature and pressure. 

 The main applications are in the aerospace sector (mostly using multifunctional 
epoxy monomers), sporting goods (rackets, bike frames, golf items, baseball bats, 
etc.), and in the electronic industry (printed circuit boards). A milestone in the 
prepreg history for sport applications was the development of the so - called  SLOT  
process ( system with long open time ) enabling part manufacturers to produce their 
prepregs in - house. This process may be found in the ski and bike industries.  

PREPREG PROCESS 

Dry reinforcement Impregnation process Matrix system

B - staging

Prepreg storage

Laminate production

Curing

    Scheme 14.1     Prepreging process steps.  
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  14.4.2 
 Out of Autoclave Prepregs 

 Production of parts from prepregs requires expensive bagging fi lms and auto-
claves or presses. In order to reduce production costs but still make high quality 
parts prepreg manufacturers developed different technologies. Examples of these 
new materials are SPRINT  ®  , developed by SP, HexFIT  ®   developed by Hexcel, and 
ZPREG developed by Advanced Composites Group Ltd. These materials consist 
of a layer of fi ber reinforcement either side of a precast, pre - catalyzed resin fi lm, 

     Figure 14.6     Viscosity vs. time (schematic) to produce a B - stage by: (a) pre - polymerization, 
(b) heating – cooling cycle, (c) solvent evaporation.  
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with a light tack fi lm on one face. Unlike conventional prepregs, the fi bers remain 
dry and unimpregnated by the resin until the curing process. This gives these 
materials their outstanding breathability, and enables one to achieve autoclave -
 quality laminates from vacuum bag processing. Heat and vacuum activate the 
resin fl ow and enable the infusion of the reinforcement. These technologies 
provide a quick and cost - effective way of producing large and thick laminates, 
ensuring full impregnation of the reinforcement. 

 Some relevant features of this process are: easy positioning of the plies in the 
mold due to the high resin content of the tacky face; easy re - positioning of plies due 
to the dry face, especially in the case of large structures; reduction of voids to a 
minimum due to the easy draining of air and volatiles. However, the price of the 
materials is higher than those used in processes based on liquid resin infusion. 

 Wind turbine blades are a typical application. This technology is a good alterna-
tive to  RFI  ( resin fi lm infusion ) for which the resin fi lm is supported by a plastic 
sheet or silicon paper and needs to be placed in the mold alternately with a layer 
of dry fi bers. This method is used in the aerospace sector to manufacture fl at 
panels and ribs.   

  14.5 
 Alternative Mold Heating Methods 

  14.5.1 
 Roctool: The Cage System to make fast  RTM  

 The Cage System ®    is a patented molding technology that heats the surface of the 
mold by induction. This is then cooled down rapidly with water cooling lines which 
are placed close to the tool surface. Very fast cycle - times can be achieved due to 
induction which heats only the surface of the mold (penetration of a few tenths 
of a millimeter). This technology is used for medium and high volume produc-
tions, high - temperature molding and other applications which demand a superior 
quality (Figure  14.7 ).   

 The combination of this technology with RTM allows production of high quality 
parts at a high rate. A very reactive epoxy system can be chosen. Injection can be 
carried out at low temperatures making sure that the part is completely fi lled. High 
temperatures can be reached in a few seconds allowing the polymer to cure in less 
than a minute. A fast cooling enables demolding at low temperatures. This ensures 
an easy demolding and good dimensionnal stability  [4] .  

  14.5.2 
 Quickstep: Another Way to Cure 

 The Quickstep process works by rapidly applying heat to the laminate, trapped 
between a rigid (or semi - rigid) mold that fl oats in a  heat transfer fl uid  ( HTF ). The 
mold and laminate are separated from the circulating HTF by a fl exible membrane 
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(Figure  14.8 ). The temperature and pressure of the HTF behind the mold and 
fl exible membrane stay the same. The Quickstep process uses balanced pressure 
combined with vibration within the HTF and vacuum on the laminate to remove 
air, followed by compacting and heating the laminate to cure the part. This process 
can be used to cure prepregs, semi - pregs like ZPREG, HexFIT  ®   and SPRINT, and 

     Figure 14.7     Roctool technology.  

     Figure 14.8     Quickstep concept.  
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fi ber - metal laminates. It can be combined with resin fi lm infusion or vacuum -
 assisted RTM.   

 The processing machine is composed of a curing chamber, three HTF contain-
ers at different temperatures (cold, warm and hot), and a control unit (Figure  14.9 ). 
Thanks to the HTF heat capacity, heating rates as high as 22    ° C   min  − 1  are achiev-
able. That leads to several consequences: the viscosity of the resin decreases to 
lower minimum values compared to conventional processes, enabling a better 
impregnation; energy consumption is decreased by 70% compared to the cure in 
an autoclave; and the cycle times are reduced by 50% or more. The molds that 
 “ fl oat ”  in the curing chambers do not need to be stiff. The cost for tooling can be 
lowered by 60%. The HTF enables an effi cient heat transfer, decreasing the 
maximum temperature produced by the reaction. This contributes to a better 
quality of the parts, decreasing the risk of thermal degradation.   

     Figure 14.9     Quickstep machine.  

     Figure 14.10     Melding process (schematic).  
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 The low pressure (0.8   bar) applied in the chamber, combined with vibration, 
results in the production of high quality parts comparable to autoclave - cured parts. 
Some properties such as the interlaminar shear strength or the adhesion to foam -
 cores and honeycombs are increased. 

 As the curing chamber is composed of separated compartments, HTF from 
different containers can be circulated in selected places permitting local 
cure. This so - called  “ melding process ”  (Figure  14.10 ) allows the manufacture 
of stiffeners, T junctions or complex shapes without bonding with an adhe-
sive. Indeed it is possible to co - cure the uncured areas to make a perfect 
bond  [5] .     

  14.6 
 Sheet Molding Compound ( SMC )/Bulk Molding Compound ( BMC ) 

 Today the only way to produce thermoset composite parts in large series ( > 10   000 
parts per year, for example in the automotive industry) is  sheet molding compound  
( SMC ) by compression molding or  bulk molding compound  ( BMC ), either by 
compression or injection molding. In recent years, there has been a signifi cant 
interest for developing epoxy formulations for BMC and SMC processes, in par-
ticular for parts submitted to high mechanical or thermal stresses. 

  14.6.1 
  SMC  

 Glass or carbon fi bers are cut to a length of 10 – 50   mm and deposited on a 
foil coated with a paste of formulated resin. Combinations with continuous fi bers 
are also possible. After covering with a second foil, the packet is conveyed through 
a roller drawing frame (Figure  14.11 ). In this step the fi bers are impregnated 
with the epoxy formulation. The semi - fi nished product can be wound up 
or cut to plates of specifi c dimensions and stored for a few days before molding 
to allow the prepreg to thicken to a moldable viscosity. The storage time 
depends on the recipe and varies from a few days up to a couple of weeks. 
The prepregs are processed by compression molding. The formulation 
can be adapted to meet specifi c requirements such as hot - wet resistance or high 
tensile strength.    

  14.6.2 
  BMC  

 BMC is a combination of chopped glass strands and formulated resin in the form 
of a bulk prepreg. BMC is suitable for either compression or injection molding. 
The chopped glass strands vary in length, depending on the level of performance 
required. Reinforcement content generally ranges between 15 and 20%; however, 
it may reach 30% for the highest performance. BMC uses lower reinforcement 
content than SMC and permits higher low - cost fi ller loadings.  
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  14.6.3 
 Features of  SMC / BMC  Technologies 

 In both SMC and BMC processes compression molding is performed at typical 
temperatures typically in the range 130 – 150    ° C and pressures between 50 and 

     Figure 14.11     SMC manufacturing machine (schematic).  
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     Figure 14.12     Comparison of mechanical properties of composites based on unsaturated 
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100   bar. The main industrial applications of these processes are the production of 
structural automotive components and electrical or electronic machine housings in 
large volumes. The use of glass fi bers as a reinforcement leads to the production of 
strong and cost - effi cient parts. Their relatively low specifi c weight (densities between 
1.6 and 2.1   g   cm  − 3 ) offers weight saving effects. SMC/BMC parts are non - corrosive 
and have a long lifetime. Design fl exibility (complex shapes, inserts, etc.) combined 
with excellent dimensional stability and short cycle times are some reasons for the 
extended use of SMC/BMC processes. Compared to  unsaturated polyester s ( UP ) 
SMC/BMC parts made of epoxy composites exhibit an enhancement in mechanical 
properties (Figure  14.12 ) as well as higher  T  g  values, in the range of 130    ° C, for 
standard formulations, to about 180    ° C, for high - temperature applications.     

  14.7 
 Filament Winding 

  14.7.1 
 Process and Applications 

 Filament winding is a highly automated and repeatable process well suited for the 
production of composites. It is one of the most productive, effi cient and cost effec-
tive methods for high performance applications. Roving bundles of continuous 
fi bers are pulled from their spools through an impregnation bath containing the 
epoxy formulation. Mainly epoxy - anhydride systems are used due to their long 
pot - life at the impregnation temperature. The impregnated fi laments are then 
placed onto a turning heated mandrel by using a carriage system that moves 
forward and backward along the mandrel. The fi ber orientation is defi ned by 
varying the ratio between the turning speed of the mandrel and the speed of the 
carriage (Figure  14.13 ). Pre - impregnated rovings (e.g., towpreg) or prepreg tapes 
can also be used for fi lament winding.   

 A large variety of parts are made with this process: tubes and pipes, pressure 
vessels (e.g. for natural gas vehicles, hydrogen vessels, air tanks for fi remen, etc.), 
printing rollers, rollers for paper production, risers for oil platforms, centrifuges, 
sports equipment (golf clubs, tennis rackets, sailing masts, etc.), parts for aero-
space and the defense sectors ( helicopter rotor blades, rocket motor cases, etc.), 
parts for energy storage (fl y wheels), car drive shafts, parts for electrical applica-
tions, and so on. 

 Currently over 20 companies are worldwide suppliers of fi lament winding equip-
ment. About six of these are key suppliers of computer - controlled fi lament winding 
machines. The range of machines vary from quite simple equipments up to high -
 tech non - linear winding machines, with up to six axes for complicated shaped 
parts, and multiple spindles for improved production speed. 

 Already in the 1980s a complete production process for the mass production of 
carbon drive shafts for high end cars was developed. The main development was 
a so - called ring winding head, allowing the placement of a complete layer of fi bers 
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in one move. For the optimization of this torsion - loaded part the  classic laminating 
theory  ( CLT ) developed by Professor Puck was applied successfully for the fi rst 
time. Before this tool was available, many empirical tests were necessary to deter-
mine the conditions leading to the required thermal and mechanical properties. 
Nowadays very powerful software programs based on this theory have been devel-
oped and are available.  

  14.7.2 
 Automated Tape Laying  

  Automated tape laying   (ATL)  machines consist of a mobile  “ head ”  passing over 
a tool and laying prepreg tapes from a roll onto the tool surface at predetermined 
places and precise orientations. Numerical programming of a robot system 
enables the head to place and cut the tapes precisely and at high speed. This 
process allows the production of large and fl at parts of high quality, cured mainly 
in autoclaves.  

  14.7.3 
 Automated Fiber Placement  

 This process has been developed to fabricate complex tubular parts.  Automated 
fi ber placement  ( AFP ) machines place a pre - impregnated roving tow (towpreg) 
onto a three - dimensional mandrel. Tows are applied at a high speed using a 
numerically controlled placement head for dispensing, clamping and cutting each 

     Figure 14.13     Filament winding machine.  
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tow during its placement. This process has been used successfully in the aircraft 
industry.   

  14.8 
 Pultrusion 

  14.8.1 
 Process and Applications 

 Pultrusion is a continuous process used for the production of profi les with con-
stant cross section. In a typical pultrusion process, the rovings are pulled through 
the resin bath, a preforming system and the heated die where fi nal forming takes 
place. Dies have a normal maximum length of about 1.5   m which is divided into 
different zones with increasing temperatures to cure the part. The interior surface 
is chrome - plated in order to ensure abrasion resistance and part release (Figure 
 14.14 ).   

 Cured profi les are cut to the required length. In order to improve the surface 
quality, non - woven veils can be additionally applied. Instead of using the impreg-
nation bath, the resin can be injected into the die for fi ber impregnation. 

 As for the fi lament winding process, epoxy - anhydride systems are typically used 
in this process. Formulations include fi llers to improve surface quality and internal 
release and degassing agents. 

Rovings
Comb

Nip rollersResin
impregnation bath

Heated mold

Pulling
mechanism

Cut or saw

Finished product

     Figure 14.14     Pultrusion machine.  
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 One of the fi rst applications of this process in the sports industry was the pro-
duction of precured UD    –    laminates for the manufacture of skis. The main applica-
tions are the production of profi les, beams, sporting goods (fi shing rods, ski pools, 
arrows, etc.), antennas, bridge decks, lamellas for construction strengthening, leaf 
springs, products for the electrical industry, and so on.  

  14.8.2 
 Pullwinding 

 The pullwinding process was introduced to place additional fi bers in other direc-
tions than the longitudinal direction of the profi le to fulfi ll specifi c mechanical 
requirements. For this purpose, rovings are wound clockwise and anticlockwise 
around the pultrusion roving bundle before entering into the die.   

  14.9 
 Expandable Epoxy Systems  

  14.9.1 
 Process and Applications 

 The  expandable epoxy systems  ( EES ) technology was developed by Ciba – Geigy 
engineers in the late 1980s for the production of wind surf boards. The addition 
of a  chlorofl uorocarbon  ( CFC ) - free foaming agent into the epoxy formulation 
produces an expansion before the cure. The pressure thus generated in a closed, 
heated mold is used to impregnate the reinforcing fi bers, compensating the reac-
tion shrinkage and producing uniform laminate thicknesses. The EES process 
combines impregnation of the fi bers, shaping the components and curing in one 
single operation. This leads to lightweight parts and very short cycle times. Either 
sandwich constructions, like surf boards, or monolithic parts are possible. The 
foaming pressure also enables a very good bonding of the laminate to the core 
material. 

 The EES technology is not designed to produce foams. The main applications 
are: automotive interior parts, surf boards, panels, medical tables, and so on.  

  14.9.2 
 Conti Duo Technology 

 A patented technology is used to produce natural fi ber reinforced car interior 
panels in very short cycle times. The natural fi ber mat is pulled from a roll and 
sprayed on both sides with an expandable epoxy system using the so - called  “ Conti 
Duo ”  equipment (Figure  14.15 ).   

 A  “ lance ”  with a spraying head applies the expandable epoxy formulation onto 
both sides of the reinforcement mat. The wet mat is cut and pressed to produce 
the fi nal part in less than 1   min. Because natural fi ber mats contain a signifi cant 
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amount of humidity, an intermediate opening of the press at 100    ° C is necessary 
in order to allow water evaporation. Many inserts can be placed in the press mold, 
reducing the fi nishing work of the doors.   

  14.10 
 Conclusions and Trends for the Future 

 Engineers will continue to develop new processes in order to produce parts made 
of epoxy composites at faster rates, increasing quality and decreasing costs. This 
will strengthen the position of epoxy composites in existing fi elds and will open 
new markets that are not foreseen today. The combination of epoxy resins and 
carbon fabrics is promising for high - tech applications due to the outstanding 
mechanical and thermal properties of the resulting composites and the availability 
of a large set of processing technologies.  
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 Thermoplastic Curable Formulations  
  Thomas   Fine  ,   Raber   Inoubli  ,   Pierre   G é rard  , and   Jean - Pierre   Pascault        

   15.1 
 Introduction 

  15.1.1 
 Engineering Thermosetting Epoxies 

 Engineering thermosetting polymers are used in many fi elds: automotive, aero-
nautics, electronics, electrical engineering, medical technology, and so on. For-
mulations are usually available as unreacted powders or pellets that are processed 
by injection, compression or transfer molding. The most traditional thermoset-
ting molding compounds are based on phenolic novolacs. These composites 
combine fi llers, additives and the resin binder. They are typically classifi ed into 
two categories: general - purpose and high - performance molding compounds. 
In molding compounds, the binder typically accounts for 40 – 50% of the com-
pound weight. Fillers account for 50% or more (up to 70%) of the balance, while 
other additives including lubricants and colorants make up the rest. In high -
 performance molding compounds, glass fi bers, glass beads and processed 
mineral fi bers are used as heat - resistant fi llers. Some niche formulations can also 
contain carbon fi bers. 

 Nowadays, phenolic molding compounds share the market with compounds 
based on epoxies, silicone and diallyl phthalate. The resulting composites are 
excellent replacements for metallic (aluminum) or thermoplastic components and 
offer high temperature resistance, mechanical strength, electrical insulation, 
chemical resistance and other important properties. Typical historical markets are 
electrical and domestic appliances. Automotive represents now a growing market 
with applications like: brake pistons (largest volume), transmission components, 
commuters, heat insulators and electric motor parts  [1] . The aim of this chapter 
is to demonstrate that  block copolymer s ( BCP s) used as additives can be a tool for 
controlling both the processing and the properties of engineering thermosetting 
epoxy polymers.  
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  15.1.2 
  BCP  s  as Additives for Controlling Properties 

 A point well described in the literature is the control of the network toughness of 
epoxy thermosets through the control of the phase separation between an additive 
and the growing network  [2] . With standard additives, such as reactive liquid 
rubbers or engineering thermoplastics, the length scale of the resulting domains 
is the micrometer. An alternative approach to the toughening of epoxy networks 
consists of micro -  or nano - scale structuring of the thermoset obtained by the self -
 assembly of BCPs in the thermoset precursors and fi xation of the resulting mor-
phologies by the cross - linking reaction. In particular, BCPs self - assembled into 
vesicles and micelles can signifi cantly increase the fracture resistance of cured 
epoxies with a minimum impact on glass transition temperature and modulus 
 [3 – 6] . 

 BCPs used for these purposes are described in Chapter  5 . They are composed 
of one block that is immiscible in the thermoset precursors and at least another 
one that is initially miscible and does not phase separate during the network for-
mation. In this way, the self - assembled structure is fi xed by the cross - linking 
reaction  [7, 8] . As explained in Chapter  5 , another possibility for generating self -
 assembled structures is to start with a BCP with blocks being initially miscible in 
the reactive solvent. Phase separation of one of the blocks induced by polymeriza-
tion may also lead to a nanostructured thermoset if the other block remains mis-
cible in the reactive solvent  [9] . 

 Various immiscible blocks have been employed to generate stable nanostruc-
tures in epoxies based on  diglycidyl ether of bisphenol A  ( DGEBA ), cured with 
different hardeners  [3 – 14] . The selection of the miscible block is strongly depend-
ent on the hardener selected to perform the cure. Examples of miscible blocks are: 
poly(ethylene oxide)  [3 – 5, 7, 8, 12 – 15] , poly(methylmethacrylate)  [6, 10, 11] , and 
poly( ε  caprolactone)  [9] . There are also in the literature examples of miscible blocks 
bearing reactive groups  [4, 5, 11] . 

 The search for a miscible block for a specifi c DGEBA – hardener combination is 
not a trivial task. Arkema has focused on two types of acrylic block copolymers: 
 poly(styrene -  b  - butadiene -  b  - methylmethacrylate) ,  SBM   [6, 10, 11]  prepared by 
anionic polymerization and  poly(methylmethacrylate -  b  - butylacrylate -  b  - methyl-
methacrylate) ,  MAM  synthesized by controlled radical polymerization  [16] . In both 
cases, the expected nanostructuring block is  poly(methylmethacrylate) ,  PMMA . 
PMMA may be a convenient selection for a miscible block because it is soluble 
with DGEBA in all proportions. However, for most hardeners, it becomes phase 
separated during polymerization, well before gelation  [6, 10] . For this reason, it 
was recently demonstrated that random copolymers of  methylmethacrylate  ( MMA ) 
and   N,N  ′  - dimethylacrylamide  ( DMA ) containing different molar fractions of 
DMA, can be used for a better control of the solubility of the miscible block for 
the nanostructuration of epoxies and also polyurethanes and unsaturated polyester 
networks of different polarities  [17 – 19] . In these conditions, it is possible to sig-
nifi cantly improve the intrinsic mechanical properties of the neat networks, 
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without affecting at the same time other key properties such as glass transition 
temperature,  T  g , solvent resistance, stiffness, and so on.  

  15.1.3 
  BCP  s  as Additives for Controlling Processing 

 The fact that BCP chains can form microphase separated structures in thermoset 
precursors can also be used as a key to control processing  [20] . The  order – disorder 
transition  ( ODT ) of the initial blend, which depends on the segregation power of 
the BCP, can be used to control the rheology during processing.  

  15.1.4 
 Our Aim 

 The aim of this chapter is to show how different acrylic block copolymers can be 
used for the control of both the processing and the properties of epoxy formula-
tions. In particular, the development of new epoxy innovative formulations which 
can be processed like thermoplastics (thermoplastic curable formulations) will be 
discussed. The selected epoxy system for this purpose is based on classical epoxy 
monomers cured with a latent hardener.   

  15.2 
 Typical Preparation of Thermoplastic Curable Formulations 

  15.2.1 
 Materials 

 Two difunctional epoxy monomers based on diglycidyl ether of bisphenol A 
(DGEBA) with different degrees of polymerization (subscript  n  in the structure 
shown in Figure  15.1 ), were used. One was a liquid DGEBA with  n   ∼  0.15 (weight 
per epoxy equivalent equal to 182   g   eq  − 1 , Araldite LY556 from Huntsman or DER 
331 from Dow Chemicals); the other was a solid DGEBA with  n   ∼  2.4 (weight per 
epoxy equivalent equal to 475 – 550   g   eq  − 1 , DER 671 from Dow Chemicals).   

 The hardener was  dicyandiamide  ( dicy ) used in micronized form, DYHARD 
100S from Degussa. A urea accelerator,  N,N  - dimethyl -  N  ′  - phenylurea, Dyhard 
UR300, from Degussa was used (Figure  15.1 ). 

 Nanostrength  ®   SBM and MAM are acrylic block copolymers produced by 
Arkema. SBM, poly(styrene -  b  - butadiene -  b  - methylmethacrylate) S 20  35 B 11 M 54  is a 
purifi ed ABC triblock copolymer. The numbers 35, 11, and 54 represent the weight 
percentage of the respective PS, PB, and PMMA blocks; 20 is the molar mass of 
the PS block in kg   mol  − 1 . 

 Four other commercial grades of Nanostrength ®  have been used in this study. 
Nanostrength ®  A123 is an SBM with a medium content of polybutadiene. Nanos-
trength M52 is a poly (methylmethacrylate -  b  - butylacrylate -  b  - methylmethacrylate) 
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with a medium content of soft phase. Nanostrength ®  M52N is the equivalent of 
M52 but with modifi ed PMMA arm. The modifi cation consists of an increase in 
the polarity of the PMMA blocks due to the addition of  N,N  ′  - dimethylacrylamide 
(DMA) as a comonomer  [16, 17] . Nanostrength ®  M22N is also a modifi ed MAM. 
The polarity (content of DMA units) of the PMMA blocks of Nanostrength ®  M22N 
is higher than the one of Nanostrength ®  M52N.  

  15.2.2 
 Sample Preparation 

 Blends with different wt % of BCPs were prepared with a twin - screw extruder 
DSM Xplore 15   mL micro - compounder (DSM Xplore, Netherlands). The liquid or/
and solid epoxy monomers were mixed fi rst with BCPs for  ∼ 15   min at 135    ° C 
or 160    ° C (depending on the BCP composition) and 20   rpm. This fi rst step was 
necessary to obtain a complete dissolution of the BCP in DGEBA. At these high 
temperatures, the solution was fl uid and transparent. Upon cooling the blend 
remained perfectly transparent but depending on the BCP concentration and 
the type of DGEBA used, a gel - like solid or a powder was obtained at room 
temperature. 

 The hardener and accelerator (powders) were then added and mixed for few 
minutes at  ∼ 80    ° C with the same twin - screw extruder. To prevent a signifi cant 
advance in reaction during this second blending step, the mixing time and tem-
perature were reduced as much as possible. 

 To conduct mechanical tests, the formulations were also prepared in a 5   L inter-
nal mixer using the same protocol. The blends were then used for characterization 
or cast and cured in a mold at 160    ° C. For BCP contents of 10% the mold 
was continuously rotated at  ∼ 25   rpm during heating to prevent sedimentation of 
dicy powder. For formulations containing 30% BCP, mold rotation was not 
necessary.   

     Figure 15.1     Formulas of thermoset precursors.  
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  15.3 
 Rheological Behavior of Blends of Block Copolymer and Thermoset Precursors 

 We fi rst focus on the rheological behavior of BCP/epoxy monomer blends before 
curing. Ordered structures have a well - known drawback, they are diffi cult to 
process. Several studies on the rheological behavior of pure AB and ABA block 
copolymers have shown that microphase separation hinders fl ow. Below the 
order – disorder transition temperature,  T  ODT , that is, when the material is in an 
ordered state, it remains highly elastic; above  T  ODT  the material is disordered and 
fl ows easily  [21] . BCPs are known to have the ability to form micelles or ordered 
structures in selective solvents. PMMA is miscible in DGEBA,  poly(styrene)  ( PS ) 
or  poly(butylacrylate)  ( PBA ) are miscible with DGEBA only at high temperatures 
( T     >    100    ° C, UCST behaviors), and  poly(butadiene)  ( PB ) is completely immiscible 
with DGEBA. Thus, acrylic BCPs/epoxy monomer solutions are expected to 
present complex rheological behaviors, comparable to those of ordered BCPs  [22, 
23] . 

 For the sake of clarity, only the results obtained on a non - reactive system are 
presented in Figure  15.2 . The infl uence of SBM concentration on the viscoelastic 
properties of the DGEBA solution was investigated using a plate/plate rheometer. 
The temperature range investigated went from 0   to 200    ° C. The results obtained 
at four different SBM concentrations, 10%, 20%, 30%, and 40%, are reported in 
Figure  15.2  and compared to the viscoelastic behavior of pure liquid DGEBA. 
The latter presented the simple rheological response of a low - molar - mass mate-
rial. Above its  T  g  ( − 20    ° C) it fl ows easily, like a Newtonian fl uid, with a loss 
modulus ( G  ″ ) larger than the storage modulus ( G  ′ ). The solution containing 10% 
SBM showed a similar rheological behavior but with a higher viscosity than that 
of pure DGEBA. Frequency (  ω  ) sweep measurements showed that the blends 
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     Figure 15.2     Rheological behavior of liquid 
DGEBA modifi ed with different concentrations 
of purifi ed S 12  25 B 25 M 50  triblock copolymer: 
elastic and shear moduli,  G  ′  (black curve) 
and  G  ″  (gray curve), respectively. Rheological 

analyses were conducted on a TA stress -
 controlled rheometer (AR1000) equipped with 
40   mm diameter parallel plates. The sample 
thickness was set to 0.8   mm.  
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also showed Newtonian behavior at room temperature,  G  ′  scaled with   ω  2   and  G  ″  
with   ω  .   

 A major difference was observed when the SBM concentration was raised 
to 30%. The blend behaved like a gel at room temperature and up to 140    ° C 
(storage modulus higher than the loss modulus). Flow measurements (not pre-
sented) showed that the complex viscosity was high and did not show Newtonian 
behavior (it was highly shear rate dependent). The gel - like behavior was thermor-
eversible. When the temperature was raised above 140    ° C, the material started to 
fl ow; both  G  ′  and  G  ″  decreased sharply and  G  ″  became larger than  G  ′  (Figure 
 15.2 ). In these conditions, as evidenced by the fl ow measurement at 160    ° C, the 
solution recovered Newtonian behavior. Above 140    ° C, the scaling laws,  G  ′   ∼    ω  2   
and  G  ″   ∼    ω   were observed. The solution containing 40% SBM showed similar 
viscoelastic behavior at room temperature. The plateau level of the storage 
modulus was slightly raised but the crossover temperature was not observed up 
to 200    ° C. 

 Based on these experimental results and other results obtained with various 
acrylic/DGEBA blends, the physical sol – gel transition observed here is proposed 
to be the consequence of a microphase separation transition, or order – disorder 
transition  [22, 23] . DGEBA always acts as a selective solvent for PMMA blocks, 
but at low temperatures PS blocks are not miscible and generate a regular net-
work of SB nanodomains within the material. When the temperature is raised, 
the segregation power decreases, the whole SBM chain becomes soluble 
in DGEBA, the structure is lost, and the viscosity drops. For entropic reasons, 
it is expected that below a given concentration of SBM in DGEBA, the system 
will remain disordered at any temperature. In the system investigated 
in Figure  15.2 , this critical concentration is located around 20% of SBM in 
DGEBA. 

 The BCP loading is not the only parameter affecting the crossover temperature. 
It can be controlled by adjusting the molecular structure of BCP and the molar 
mass of DGEBA. This specifi city of BCP/DGEBA solutions can thus be turned 
into a real processing advantage for various applications. 

 At low temperatures (below 40    ° C) the blend with 30% SBM was tacky and soft 
(as arises from the value of the elastic modulus). This would be a great limitation 
for its use as a bulk molding compound. On the other hand, for obvious economic 
reasons, increasing the amount of SBM to values in the range of 50% would not 
be realistic. The addition of solid DGEBA to the blend can solve the problem of 
tackiness at room temperature and could also allow the use of a lower amount of 
BCPs. Figure  15.3  presents the rheological curves of two systems based on a 50/50 
mixture of liquid and solid DGEBAs with 30% Nanostrength ® . The fi rst one, 
Nanostrength ®  A123, is a triblock SBM; the second one, Nanostrength ®  M22N, 
is a triblock MAM with DMA units in the PMMA block called  “ modifi ed MAM ” . 
Even if both additives have roughly the same molar mass, the behavior of the 
respective formulations is completely different. With Nanostrength ®  A123, the 
system never fl ows, even at high temperatures. This is highlighted in Figure  15.4  
with frequency sweep measurements at 200    ° C.  G  ′  and  G  ″  stay parallel. With 
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Nanostrength ®  M22N, a crossover of  G  ′  and  G  ″  around 100    ° C can be observed 
(Figure  15.3 ). In addition, the frequency sweep measurements show clearly the 
existence of fl ow at 150    ° C (Figure  15.4 ). This comparison shows that the segrega-
tion power of SBM is much higher than that of MAM. In a previous work  [23]  it 
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     Figure 15.3     Rheological behavior of a 50/50 
mixture of liquid and solid DGEBA modifi ed 
with 30% block copolymers. Black curves: 
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     Figure 15.4     Frequency sweep measurements 
of a 50/50 mixture of liquid and solid DGEBA 
modifi ed with 30% block copolymers. Black 
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was explained that the non - miscibility of the PB block played a key role in the ODT 
transition of SBM solutions in epoxies. In the case of the polybutylacrylate block, 
an UCST behavior was observed in liquid DGEBA at around 100    ° C that decreased 
the segregation power of the block copolymer  [24] . Therefore, experiments 
described in the following sections were performed with Nanostrength  ®   MAM 
block copolymers.    

  15.4 
 Choice of the Hardener 

 For practical applications the curing agent has to be non - reactive during the 
mixing steps but very reactive at the temperatures used in the molding and curing 
steps. Diamines or diacid anhydrides are the usual hardeners. In recent years, 
research has been extended to the study of cationic initiators as curing agents 
for epoxy monomers (Chapters  1  and  13 ). Diaryliodonium and triarylsulfonium 
salts with complex metal halide anions of low nucleophilicity, such as   PF6

−,   AsF6
−, 

  SbF6
−,   BF4

−, and so on, have been reported as very effective latent thermal initiators 
in cationic polymerizations  [25, 26] . We tested these cationic initiators with some 
success, but in this chapter we have preferred to present results obtained with a 
more classical hardener, dicyandiamide (dicy). 

 It is well known that, at moderate temperatures, dicy is a latent hardener that 
does not react with epoxy monomers. This is because of the low basicity and poor 
solubility in epoxies. Dicy as such, reacts very quickly with epoxy monomers, start-
ing at about 180    ° C, but at this temperature the reaction is strongly accelerated 
by an autocatalytic mechanism involving basic intermediates of the hardener 
reaction. Therefore, it can be advantageous to perform the curing at a lower tem-
perature,  ∼ 140    ° C by the use of a blocked accelerator. The reaction mechanism is 
complex and does not follow a perfect stoichiometry  [27 – 30] . Depending 
on the hardening conditions, one dicyandiamide molecule reacts with 6 – 7 epoxy 
groups. Many accelerators are proposed in the literature for the control of the 
curing temperature; the one used in this work was  N,N  - dimethyl -  N  ′  - phenylurea. 
It decomposes under the infl uence of heat to form an isocyanate and a 
catalytically - active dimethylamine. For 100   g of liquid DEGBA we used 7   g of 
dicy   +   0.2   g of accelerator. The reaction began at 140    ° C  [30]  and the selected 
curing schedule was 3   h at 160    ° C plus a postcure at 190    ° C for 1   h. 

 Samples based on liquid DGEBA and different additives were cured with dicy. 
AFM micrographs of the fully cured blends containing 10   wt% of different addi-
tives are presented in Figure  15.5 . When MAM was used as an additive, 
the PMMA block was not able to stabilize the nanostructure up to the end of the 
reaction  [10, 16, 31] .  Reaction - induced phase separation  ( RIPS ,  [2] ) occurred 
during the polymerization and the obtained structure was really coarse. An inter-
connected structure has been described for a thermoplastic - modifi ed thermoset 
when phase separation took place via spinodal demixing in a highly viscous 
medium  [32] . For the other block copolymers, M52N and M22N with DMA units 
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in the PMMA block, the results were completely different with perfect nanos-
tructuration. This confi rmed our previous results  [16]  showing that phase separa-
tion could be avoided by increasing the molar fraction of DMA units in 
the random block. The image analysis shows also that a higher polarity (higher 
DMA content) of the PMMA blocks (M22N over M52N) allows a better swelling 
of the external block and leads to the formation of micelles versus  “ wormlike ”  
micelles.    

     Figure 15.5     AFM micrographs (in tapping 
mode) of different epoxy networks based on 
liquid DGEBA, dicy and urea (100/7/0.2), 
modifi ed with 10   wt% of different additives: 

(a) one block copolymer MAM, (b) and (c)
two block copolymers  “ modifi ed MAM ”  and 
(d) one classical CTBN for a comparison  .  
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  15.5 
 Processing and Properties 

  15.5.1 
 Thermoplastic Processing 

 We will now focus on the blend containing a DMA - modifi ed block copolymer. The 
basic idea is to process the epoxy formulation as a thermoplastic before the reac-
tion starts. Figure  15.6  shows that below 130    ° C the reaction will not start abruptly. 
The start of reaction can be fi nely tuned with the amount and type of accelerator. 
In our example, the formulation could be processed at around 80    ° C. The thermo-
plastic behavior can be highlighted using a capillary rheological measurement at 
80    ° C. The superimposition of the behavior of the epoxy formulation with a well 
known semi - crystalline polymer (Lotryl 35BA40 from Arkema) shows that we are 
very close to thermoplastic behavior for the epoxy formulation (Figure  15.7 ). After 
blending with the help of a twin - screw extruder, the epoxy pellets were cured using 
a compression step.    

  15.5.2 
 Properties 

 As can be seen from Figure  15.8 , the   α   relaxation ( T   α  ) was only slightly modifi ed 
with the addition of Nanostrength  ®   M22N. This is due to the miscibility of the 
random P(MMA -  co  - DMA) block in the epoxy network. As observed in Figure  15.9 , 
the resulting material exhibited plastic behavior under a tensile test without a 
signifi cant decrease in modulus. Those curves also show the great synergy of 
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     Figure 15.6     Rheological behavior of a reactive mixture of 50/50 liquid and solid DGEBA, dicy, 
 N,N  - dimethyl -  N  ′  - phenylurea and 30% Nanostrength ®  MAM: M22N. Filled symbols: elastic 
moduli ( G  ′ ), open symbols: shear moduli ( G  ″ ).  
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combining solid DGEBA with Nanostrength  ®  . The stress and strain at break were 
improved to a large extent when employing solid DGEBA.   

 Concerning the critical stress intensity factor ( K  Ic)  and the critical strain energy 
release rate ( G  Ic ), obtained from three - point bending tests (Table  15.1 ,  [33] ), it can 
be noticed that a perfect nanostructuration did not give the best results. Wormlike 
morphologies seem to behave better for improving the crack propagation 
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     Figure 15.7     Capillary curves at 80    ° C. Open 
symbols: reactive mixture of 50/50 liquid and 
solid DGEBA, dicy,  N,N  - dimethyl -  N  ′  -
 phenylurea and 30% Nanostrength ®  MAM: 
M22N. Filled symbols: thermoplastic Lotryl 

35BA40 for a comparison. Capillary 
measurements were conducted in a Gottfert 
device using a capillary of L/D   =   30 and a 
diameter of 1   mm.  
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     Figure 15.8      Dynamic mechanical thermal 
analysis  ( DMTA ) of the cured system. Filled 
symbols: blends of 50/50 liquid and solid 
DGEBA cured with dicy and urea. Open 

symbols: modifi ed with 30% Nanostrength ®  
MAM: M22N. Measurements were performed 
at a frequency of 1   Hz under a deformation of 
0.1% and at a heating rate of 2    ° C   min  − 1 .  
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resistance of these brittle materials. Toughening mechanisms have been investi-
gated recently and it was found that the blo ck copolymer nanostructures could 
cavitate to induce matrix shear banding, which mainly accounted for the observed 
remarkable toughening effect; even if the origin of such a small - scale cavitation 
process is yet to be determined  [34] . The role of the epoxy network surrounding 
the BCP nanostructure, which is signifi cantly modifi ed by the P(MMA -  co  - DMA) 
block, can also improve the toughening behavior.     
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     Figure 15.9     Stress – strain curves of epoxy 
networks at room temperature. (a) 50/50 
mixture of liquid and solid DGEBA cured with 
dicy and urea. (b) solid DGEBA alone cured 
with dicy and urea and modifi ed with 30% 
Nanostrength M22N. (c) 50/50 mixture of 

liquid and solid DGEBA cured with dicy and 
urea and modifi ed with 30% Nanostrength 
M22N. The tensile tests were conducted at a 
speed of 5   mm   min  − 1  on ISO 527 1BA test 
bars  .  

 Table 15.1     Properties of different modifi ed - epoxy networks based on liquid 
 DGEBA    +   dicy   +   urea (100/7/0.2), reinforced with 10   wt% of different additives. Curing 
schedule: 3   h at 160    ° C and postcure at 190    ° C for 1   h. The values of the critical stress intensity 
factor (  K    I  c  ) and the critical strain energy release rate (  G    I  c  ) were obtained from three - point 
bending tests performed on single edge notched specimens, following the  ESIS  protocol  [33] . 
The tests were performed at room temperature and at different speeds with a  MTS  831 
servo - hydraulic tensile test machine adapted to maintain quasi - static conditions at the highest 
test speeds.   K    I  c   was calculated as the mean value of at least 10 tests. The measured 
temperature   T    α   corres ponds to the maximum of tan  δ  . 

   Formulations      T  α       ° C  
     
K MPa mIC

  
    G  IC  J/m 2   

  Neat epoxy    175    0.9    280  
  + CTBN - 13    152    1.30    680  
  + Nanostrength M52N    171    1.30    710  
  + Nanostrength M22N    175    1.20    680  
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  15.6 
 Conclusions 

 New innovative thermoplastic curable formulations were developed by controlling 
the chemistry and the processing of the thermosetting epoxy polymer. In the work 
presented in this chapter the chemistry was controlled by the choice of dicy as a 
latent hardener, coupled with a blocked accelerator. Rheology and fi nal properties 
were controlled by the addition of a block copolymer with well defi ned structure 
and composition, at a level greater than 20   wt%. 

 The expected nanostructuring block for the fi nal thermoset is the PMMA block 
but random copolymers of methylmethacrylate (MMA) and  N,N  ′  - dimethylacrylamide 
(DMA) containing an appropriate molar fraction of DMA, were used for a better 
control of the solubility of the miscible block and the nanostructuration. However, 
the level of toughening was not correlated with the perfect control of the nanos-
tructuration. Using a mixture of liquid and solid DGEBAs as epoxy monomers 
produced an improvement in mechanical properties at room temperature. 

 This technology can be applied to the development of novel thermoplastic 
curable fi lms, fi bers, engineering thermosetting powders, B - stage prepregs, and 
so on. Moreover, transparent, nanostructured materials with a balanced set of 
mechanical properties can be obtained.  

  Acknowledgments 

 The authors wish to thank many scientists from Arkema who have contributed to 
this work by providing data and fruitful debate/discussions.  

  References 

1    European Markets for Reinforced 
Thermosets , ( 2005 ) b530 - 39,  Frost  &  
Sullivan .    

2     Williams ,  R.J.J.  ,   Rozenberg ,  B.  , and 
  Pascault ,  J.P.   ( 1997 )  Adv. Polym. Sci. , 
 128 ,  95 .  

3     Dean ,  J.M.  ,   Lipic ,  P.M.  ,   Grubbs ,  R.B.  , 
  Cook ,  R.F.  , and   Bates ,  F.S.   ( 2001 ) 
 J. Polym. Sci., Part B: Polym. Phys. ,  
39 ,  2996 .  

4     Dean ,  J.M.  ,   Grubbs ,  R.B.  ,   Saad ,  W.  , 
  Cook ,  R.F.  , and   Bates ,  F.S.   ( 2003 ) 
 J. Polym. Sci., Part B: Polym. Phys. ,  
41 ,  2444 .  

5     Dean ,  J.M.  ,   Verghese ,  N.E.  ,   Pham ,  H.Q.  , 
and   Bates ,  F.S.   ( 2003 )  Macromolecules , 
 36 ,  9267 .  

6     Ritzenthaler ,  S.  ,   Court ,  F.  ,   Girard -
 Reydet ,  E.  ,   Leibler ,  L.  , and   Pascault ,  J.P.   
( 2003 )  Macromolecules ,  36 ,  118 .  

7     Hillmyer ,  M.A.  ,   Lipic ,  P.M.  ,   Hajduk , 
 D.A.  ,   Almdal ,  K.  , and   Bates ,  F.S.   
( 1997 )  J. Am. Chem. Soc. ,  119 , 
 2749 .  

8     Lipic ,  P.M.  ,   Bates ,  F.S.  , and   Hillmyer , 
 M.A.   ( 1998 )  J. Am. Chem. Soc. ,  120 , 
 8963 .  

9     Meng ,  F.  ,   Zheng ,  S.  ,   Zhang ,  W.  ,   Li ,  H.  , 
and   Liang ,  Q.   ( 2006 )  Macromolecules ,  39 , 
 711 .  

10     Ritzenthaler ,  S.  ,   Court ,  F.  ,   David ,  L.  , 
  Girard - Reydet ,  E.  ,   Leibler ,  L.  , and 
  Pascault ,  J.P.   ( 2002 )  Macromolecules ,  35 , 
 6245 .  



 302  15 Thermoplastic Curable Formulations

11     Rebizant ,  V.  ,   Abetz ,  V.  ,   Tournilhac ,  F.  , 
  Court ,  F.  , and   Leibler ,  L.   ( 2003 ) 
 Macromolecules ,  36 ,  9889 .  

12     Mijovic ,  J.  ,   Shen ,  M.  ,   Sy ,  J.W.  , and 
  Mondragon ,  I.   ( 2000 )  Macromolecules , 
 33 ,  5235 .  

13     Guo ,  Q.  ,   Thomann ,  R.  ,   Gronski ,  W.  , and 
  Thurn - Albrecht ,  T.   ( 2002 ) 
 Macromolecules ,  35 ,  3133 .  

14     Guo ,  Q.  ,   Thomann ,  R.  ,   Gronski ,  W.  , 
  Staneva ,  R.  ,   Ivanova ,  R.  , and 
  St ü hn ,  B.   ( 2003 )  Macromolecules ,  36 , 
 3635 .  

15     Serrano ,  E.  ,   Tercjak ,  A.  ,   Kortaberria ,  G.  , 
  Zafeiropoulos ,  N.E.  ,   Stamm ,  M.  , 
  Pomposo ,  J.A.  ,   Mecerreyes ,  D.  , and 
  Mondragon ,  I.   ( 2006 )  Macromolecules , 
 39 ,  2254 .  

16     Phan ,  T.N.T.  ,   Maiez - Tribut ,  S.  ,   Pascault , 
 J.P.  ,   Bonnet ,  A.  ,   G é rard ,  P.  ,   Guerret ,  O.  , 
and   Bertin ,  D.   ( 2007 )  Macromolecules ,  40 , 
 4516 .  

17     Maiez - Tribut ,  S.  ,   Pascault ,  J.P.  ,   Soul é  , 
 E.R.  ,   Borrajo ,  J.  , and   Williams ,  R.J.J.   
( 2007 )  Macromolecules ,  40 ,  1268 .  

18     Soul é  ,  E.R.  ,   Jaffrennou ,  B.  ,   M é chin ,  F.  , 
  Pascault ,  J.P.  ,   Borrajo ,  J.  , and   Williams , 
 R.J.J.   ( 2006 )  J. Polym. Sci., Part B: Polym. 
Phys. ,  44 ,  2821 .  

19     Serrano ,  E.  ,   Gerard ,  P.  ,   Lortie ,  F.  , 
  Pascault ,  J.P.  , and   Portinha ,  D.   ( 2008 ) 
 Macromol. Mater. Eng. ,  293 ,  820 .  

20     Girard - Reydet ,  E.  ,   Pascault ,  J.P.  ,   Bonnet , 
 A.  ,   Court ,  F.  ,   Leibler ,  L.   ( 2003 ) 
 Macromol. Symp. ,  198 ,  309 .  

21     Bates ,  F.S.  ,   Rosendale ,  J.H.  , and 
  Fredrickson ,  G.H.   ( 1990 )  J. Chem. Phys. , 
 92 ,  6255 .  

22     Fine ,  T.   ( 2004 )  Etude du comportement 
de copolym è res  à  bloc ABC en 
solvants r é actifs. Application  à  la 
compatibilisation de m é langes de 
polym è res thermoplastique/
thermodurcissable . PhD Thesis, Institut 

National des Sciences Appliqu é es de 
Lyon.    

23     Fine ,  T.  ,   Lortie ,  F.  ,   David ,  L.  , and 
  Pascault ,  J.P.   ( 2005 )  Polymer ,  46 ,  6605 .  

24     Maez - Tribut ,  S.   ( 2007 )  Relations entre la 
structure d ’ un copolym è re  à  blocs et la 
nanostructuration d ’ un polym è re 
r é ticul é  . PhD Thesis, Institut National 
des Sciences Appliqu é es de Lyon.    

25     Crivello ,  J.V.   and   Lam ,  J.H.W.   ( 1980 ) 
 J. Polym. Sci., Polym. Chem. Ed. ,  18 , 
 1021 .  

26     Park ,  S. - J.   and   Seo ,  M. - K.   ( 2003 ) 
 Macromol. Mater. Eng. ,  288 ,  894 .  

27     Zahir ,  S.A.   ( 1982 )  Adv.Org. Coat. Sci. 
Technol. Ser. ,  4 ,  83 .  

28     Galy ,  J.  ,   Sabra ,  A.  , and   Pascault ,  J.P.   
( 1986 )  Polym. Eng. Sci. ,  26 ,  1514 .  

29     Lin ,  Y.G.  ,   Galy ,  J.  ,   Sautereau ,  H.  , and 
  Pascault ,  J.P.   ( 1987 )  Mechanism of 
reaction and processing properties 
relationships for dicyandiamide cured 
epoxy resins , in  Crosslinked Epoxies  (eds 
  B.   Sedlacek   and   J.   Kahovec  ),  De Gruyter , 
 Berlin , p.  147 .    

30     Poisson ,  N.  ,   Maazouz ,  A.  ,   Sautereau ,  H.  , 
  Taha ,  M.  , and   Gambert ,  X.   ( 1998 )  J. 
Appl. Polym. Sci. ,  69 ,  2487 .  

31     Gerard ,  P.  ,   Passade Boupat ,  N.  ,   Fine ,  T.  , 
  Gervat ,  L.  , and   Pascault ,  J.P.   ( 2007 ) 
 Macromol. Symp. ,  256 ,  55 .  

32     Girard - Reydet ,  E.  ,   Sautereau ,  H.  , 
  Pascault ,  J.P.  ,   Keates ,  P.  ,   Navard ,  P.  , 
  Thollet ,  G.  , and   Vigier ,  G.   ( 1998 ) 
 Polymer ,  39 ,  2269 .  

33     Moore ,  D.R.  ,   Pavan ,  A.  , and   Williams , 
 J.G.   ( 2001 )  Fracture Mechanics Testing 
Methods for Polymers, Adhesives and 
Composites ,  Elsevier Science ,  Oxford, 
UK .    

34     Liu ,  J.  ,   Sue ,  H. - J.  ,   Thompson ,  Z.J.  , 
  Bates ,  F.S.  ,   Dettloff ,  M.  ,   Jacob ,  G.  , 
  Verghese ,  N.  , and   Pham ,  H.   ( 2008 ) 
 Macromolecules ,  41 ,  7616 .   

 

  



   303

 Structural Epoxy Foams  
  Lisa A.   Mondy  ,   Rekha R.   Rao  ,   Harry   Moffat  ,   Doug   Adolf  , and   Mathew   Celina        

   16.1 
 Background 

 Structural thermoset foams are low density materials used for a variety of 
applications including shock, thermal, and vibration isolation of electronic 
components and the production of lightweight materials for the transportation 
industry. Epoxy foams are particularly attractive because they are thermally and 
chemically resistant. Here, we will focus on epoxy foams used to encapsulate 
electronic components. Because the encapsulation occurs near the end of the 
manufacturing process, expensive components are at risk if the encapsulation 
is fl awed. Unfortunately, the foam processing, involving a polymerizing, 
multiphase material with changing microstructure, is diffi cult to understand and 
predict. 

 Polymer foams can be  “ blown ”  either with a chemical reaction to create gas or 
by the physical process of evaporation of a volatile blowing agent either with 
increasing temperature or decreasing pressure. A well - known example of chemi-
cally blown foam is  polyurethane  ( PU ) foam, where an isocyanate – water reaction 
produces CO 2  gas, which results in foam expansion. Gas formation may also be 
obtained by independent gas producing reactions, such as the decomposition of a 
temperature sensitive inorganic blowing agent or from suitable organic precur-
sors. Physically blown foams are common for thermoplastics, where, for example, 
a volatile liquid (butane, pentane, chlorofl uorocarbons) or a gas (N 2 , CO 2 ) can be 
dissolved in the melt at high pressure and/or temperature, which provides the gas 
for foaming when conditions are changed. 

 Computational models have been developed to describe the foaming process of 
chemically blown PU foams (for example,  [1, 2] ) and physically blown PU and 
thermoplastics (for example,  [3 – 5] ). However, despite recent progress, polymeric 
foams are still not well understood at a fundamental level  [6] . Furthermore, the 
process for epoxy foam formation has been studied primarily experimentally and 
in less detail than for thermoplastic foams or polyurethanes. Most studies have 
focused on the mechanical properties of the fully polymerized foam, not on the 
foaming process itself. 

16
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 There are several standard strategies for foaming epoxy pre - polymers  [7] . More 
recently, Stefani and coworkers experimentally optimized the composition of a 
chemically blown epoxy – amine system, where H 2  gas is generated by an amine 
reaction with an H - terminated siloxane  [8] . They also studied the dependence of 
the fi nal morphology, density, and properties of the foam on the composition. 
Takiguchi and coworkers studied the viscoelastic evolution during the cure of their 
epoxy and the effect of the rheology on the foaming  [9] . In their foaming process, 
they mixed the epoxy and curing agent with 5 -  μ m particles of azodicarbonamide 
below the azodicarbonamide decomposition temperature (208    ° C) and then raised 
the temperature to produce decomposition gases that created the foam. Recently, 
Quadrini and Squeo  [10]  proposed a foaming mechanism whereby the tempera-
ture is raised until the epoxy pre - polymer boils and cures but does not thermally 
degrade. 

 The foaming of electronic components requires a relatively low temperature and 
an inert gas blowing agent, so as not to adversely affect the components. McElh-
anon, Russick, and coworkers  [11, 12]  have developed a  removable epoxy foam  
( REF ) based on a Diels – Alder reaction between substituted furans and maleimides 
that is incorporated within the epoxy resin. A volatile liquid, Fluorinert ™  FC - 72 
(3M), is incorporated into the curative to create gas when heated. 

 A similar foam,  epoxy foam able replacement  ( EFAR ), also used for electronic 
encapsulation, is made up of Part A, diglycidylether of bisphenol A, DGEBA 
(Epon  ®   828 and Epon  ®   8121, Hexion Specialty Chemicals) resins, and Part B, a 
mixture of amine curative agents (Shell Epi - Cure  ®   and Air Products Ancamine  ®   
2049), Cab - O - Sil  ®   (Cabot Corp.) fumed silica particles, silicone surfactant Dabco  ®   
DC193 (Air Products), and the Fluorinert blowing agent. These components are 
vigorously mixed together at about 43    ° C, below the boiling point of Fluorinert 
(53    ° C), to form an emulsion of Fluorinert droplets, air bubbles, and the epoxy 
continuous phase. Once this emulsion is formed, the foam precursor is injected 
into the mold and inserted into an oven to boil the Fluorinert and produce foam. 
The complex interplay between heat transfer, polymerization, boundary condi-
tions, and nucleation of Fluorinert can make predetermination of the fi nal foam 
density and amount needed to fi ll the mold diffi cult. The goal of this chapter is 
to show that an engineering model can be used to predict the foaming process. 
This model will be used to address foam encapsulation processing issues 
such as voids, incomplete embedding, and inhomogeneous properties and 
microstructure. 

 In the next section we describe the equations of motion used for a homogenized 
representation of the foam. Experiments to determine physical properties and 
the material models used in our computations are discussed in Section  16.3 . 
Section  16.4  briefl y describes the numerical implementation. A validation study 
is described in Section  16.5 . Section  16.6  includes discussion of this preliminary 
modeling and suggested directions for the future. Finally, in Section  16.7 , 
we discuss ways to improve the foam itself. A summary is presented in Section 
 16.8 .  
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  16.2 
 Continuum - Level Model for Foaming Materials 

 The model is based on a fi nite element representation of the equations of motion, 
with the movement of the free surface represented using the level set method  [13] . 
This continuum - level model uses a homogenized description of foam, which does 
not include the gas in the foam cells explicitly. 

 The continuity equation is written to emphasize the change in density as the 
source of foam velocity generation, where  v  is the mass averaged velocity and   ρ   is 
the foam density:

   ∇ ⋅ = −
∂
∂

+ ⋅∇( )v v
1

ρ
ρ ρ
t

    (16.1)   

 Conservation of momentum takes into account gradients in the fl uid stress,   t , and 
pressure,  p , as well as effects of gravity,  g :

   ρ ρ ρ∂
∂

+ ⋅∇ = ∇ ⋅ − ∇ +
v
t

pv v gt     (16.2)   

 The stress tensor,   t , Equation  16.3 , has a generalized Newtonian shear viscosity, 
  η  , in addition to a generalized Newtonian bulk viscosity,   κ  . The bulk viscosity is 
associated with the facts that the divergence of the velocity fi eld is non - zero and 
the fl ow is dilatational  [14] . The bulk viscosity term produces only normal stresses 
and not shear stresses.

   t = ∇ + ∇( ) − −( ) ∇ ⋅( )η η κv v v It 2

3
    (16.3)  

where ( ∇  v     +     ∇  v   t  ) is the shear rate and   I  is the identity matrix. The generalized 
Newtonian viscosity models imply that the viscosities vary with local fi elds, but 
still have a Newtonian form where stress is proportional to strain. Here, both   η   
and   κ   are functions of temperature, degree of polymerization, and gas bubble 
volume fraction. 

 Because the process is nonisothermal, heat transfer effects must be followed as 
well. The energy equation has a variable heat capacity,  C p  , and thermal conductiv-
ity,  k , both of which depend on the gas volume fraction:

   ρ ρC
T

t
C T k T S Sp p

∂
∂

+ ⋅∇ = ∇ ⋅ ∇( ) + +v rxn evap
    (16.4)  

where  T  is temperature. Heat is generated by the exothermic polymerization reac-
tion ( S  rxn ) and is partially lost via the evaporation of Fluorinert ( S  evap ). The value of 
 S  evap  is relatively small and will be ignored here  [15] . Heat is produced from the 
exothermic polymerization reaction of the epoxy – amine:

   S H Y
t

rxn rxn e
o d

d
= Δ ρ ξ     (16.5)  
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where   Ye
o is the initial mass fraction of epoxy pre - polymer and   ξ   is the extent of 

reaction. Material models to populate the conservation equations were determined 
from experimental measurements and literature review, the details of which are 
discussed in the next section.  

  16.3 
 Material Models and Experiments to Populate Numerical Model 

  16.3.1 
 Variable Density and Gas Production Models 

 In order to create a preliminary engineering model of the foam rise, we decided 
to simply determine a rise rate for the foam based on empirical measurements 
using our known mixing techniques and oven temperatures. Experiments were 
performed in narrow slots so that the temperature would be as uniform as pos-
sible. From height versus time data (Figure  16.1 ), and following Seo  et al.   [16] , we 
develop a simple time -  and temperature - dependent density model, which assumes 
no spatial variations:

   ρ ρ ρ ρ= −( ) − −( )
( ) −

⎡
⎣⎢

⎤
⎦⎥

+i f
i

fexp
t t

C T D
    (16.6)     
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     Figure 16.1     Density of a foam sample with time during a test at 65    ° C.  
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 Data were collected at several temperatures between 65 and140    ° C. The initial 
density (unfoamed),   ρ  i   and fi nal density,   ρ   f , were 1.14 and 0.27   g   cm  − 3 , respectively, 
and were approximately independent of temperature. Fitting Equation  16.6  to the 
data for our EFAR foam resulted in values for the parameters,  C  and  D , of 
116   250   K   s and 274.26   s, respectively. 

 The gas volume fraction, necessary for the viscosity and thermal models, can be 
determine from post - processing the density model and knowing some of the pure 
component mass fractions and densities:

   ϕ

ρ
ρ
ρ
ρ

ρ
ρg

i

v
o

l
o

a

a
o

=
−

−
+

1

1

Y
    (16.7)  

where, at 1   atm and the boiling temperature of pure Fluorinert,   ρv
o g cm= −0 0139 3.  

is the density of Fluorinert vapor,   ρl
o g cm= −1 68 3.  is the density of pure Fluorinert 

liquid,  Y  a    =   0 to 2.6    ×    10  − 4  is the assumed mass fraction of air, and   ρa
o  is the density 

of pure air.  

  16.3.2 
 Epoxy Polymerization Model 

 The epoxy – amine reaction is a stepwise polymerization  [17]  (see also Chapter  1 ) 
and can be described in terms of the extent of reaction,   ξ  , which is calculated from 
the following equation that includes its time evolution, advection, and reaction 
kinetics:

   
∂
∂

+ ⋅∇ = +( ) −( )ξ ξ ξ ξ
t

k AE RT m nv ie a 1     (16.8)  

where  k  i ,  m , and  n  are fi tting parameters,  E  a  is the activation energy, and  R  is the 
gas constant. A TA Instruments Q200  differential scanning calorimeter  ( DSC ) was 
used to determine the heat of reaction and approximate the extent of reaction with 
time and temperature for the reacting epoxy, which is the continuous phase of the 
foam. The heat fl ow measurements at different temperatures overlay when the 
measurements are time - temperature shifted, indicating only one reaction mecha-
nism  [18] . The amount of the shift reveals the activation energy,  E  a , to be 46   kJ   mol  − 1 . 
The reaction is exothermic, with an average heat of reaction of 250   J   g  − 1 . With these 
data, and the assumption that epoxy follows condensation chemistry, we can popu-
late the parameters in Equation  16.8  and determine a kinetic rate model (Table  16.1 ).    

  16.3.3 
 Viscosity and Slip Models 

 Foam rheological properties are diffi cult measurements to perform in a reproduc-
ible manner, since shearing the foam often changes the microstructure, thereby 
altering the viscosity. Although the epoxy foams can exhibit complex rheological 
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behavior such as viscoelasticity and yield stress, we will assume here that we can 
approximate the behavior using an apparent viscosity and slip at the wall. We 
separated the viscosity into three parts: (i) continuous phase epoxy viscosity,   η   epoxy , 
dependent on the extent of reaction and temperature; (ii) Fluorinert emulsion 
effects,   η   fl uorinert ; and (iii) effects of gas bubble volume fraction,   η    ϕ  . We assume 
these components are multiplicative, as shown in Equation  16.9 , since these 
effects are separable and can be decoupled. This assumption is based on the sus-
pension/emulsion literature, which has clearly shown that the effects of the con-
tinuous phase are separable from the discontinuous particle, emulsion, or gas 
bubble phases  [19, 20] .

   η η η η= epoxy fluorinert ϕ     (16.9)   

 Rheological measurements were made for the epoxy reactive system as a function 
of time as it polymerized in a Rheometrics ARES rheometer with parallel plate 
geometry at a steady shear rate of 2   s  − 1 . The reactants were mixed at room tem-
perature, and the test was initiated as quickly as possible to minimize reaction 
prior to measurement. Various isothermal experiments were undertaken at tem-
peratures ranging from 25 to 95    ° C. We found that for operating temperatures far 
above the glass transition temperature of the reacting epoxy, the temperature 
dependence can be modeled accurately by an Arrhenius relationship  [21] . Dynamic 
percolation theory predicts a dependence of the Newtonian viscosity on the extent 
of reaction with the form  [22] :

   η η ξ ξ
ξepoxy
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RT

b b
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    (16.10)  

where the pre - exponential factor   η   00  is 4.00    ×    10  − 9    Pa   s,   ξ   c  is the extent of reaction 
at the gel point, for which a value of 0.6 was obtained,  b  is 1.0, and the dimension-
less fi tting parameter  x  is  − 3.5. Figure  16.2  shows the model, using these param-
eters, compared to the data for a range of temperatures.   

 The effect of liquid Fluorinert is harder to judge. In the foam precursor, we have 
an emulsion of Fluorinert droplets in an epoxy continuous phase. Below the 
boiling point of Fluorinert, the emulsion has a viscosity about 50% higher than 
the neat epoxy. We have included this 50% increase in the base viscosity in the 

 Table 16.1      EFAR  epoxy polymerization kinetic parameters. 

   Epoxy cure parameter     Value  

  Rate coeffi cient,  k i      8.6    ×    10 3  1   s  − 1   
  Activation energy,  E  a     46   kJ   mol  − 1   
  Rate parameter,  A     0  
  Rate exponent,  m     0  
  Rate exponent,  n     1.4  
  Heat of reaction,  Δ  H  rxn     250   J   g  − 1   
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model by setting   η   fl uorinert    =   1.5, since this will be more signifi cant early on when 
the foam is expanding quickly than at later times when the viscosity is dominated 
by the high concentration of foam bubbles. A 50% increase is small relative to the 
change of viscosity from curing and gas bubbles, which can be orders of 
magnitude. 

 We expected the foam viscosity,   η    ϕ  , to be a strong function of the gas volume 
fraction,   ϕ   g , and to follow the Taylor – Mooney form derived from emulsion experi-
ments, extrapolating the discontinuous phase viscosity to zero  [20] :

   η η
ϕ

ϕϕ =
−

⎛
⎝⎜

⎞
⎠⎟epoxy

g

g

exp
1

    (16.11)   

 To determine if this was a satisfactory approximation to the foam effective viscos-
ity, we tested the EFAR as it was foaming in a shear rheometer using the parallel 
plate geometry. Because the foam was expanding during the test, the foam escaped 
out of the side of the parallel plates and, therefore, the volume of the sample did 
not change, but the density of the sample did. Both quantities are needed for the 
interpretation of the viscosity measurement. We assumed a density history that 
matched the free - rise experiments. Knowing that the viscosity of the foam would 
be sensitive to cell breakage, we tested a shear rate as low as possible given the 
resolution of the torque sensor in the rheometer. At a low steady shear rate (0.1   s  − 1 ), 
if the viscosity is assumed to increase with time only because the gas fraction 
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     Figure 16.2     Viscosity prediction (lines) for the continuous phase viscosity (i.e., without 
foaming) compared to measurements (symbols) at various temperatures (55 to 95    ° C).  
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increases, the comparison to Equation  16.11  was good (Figure  16.3 ). The expected 
limit of this equation is a gas fraction of 0.6  [20] . By examining the data for several 
shear rates, but looking only at data with a single (assumed) gas volume fraction, 
the foam viscosity decreased with shear rate, as typical for foams, presumably due 
to cell breakage and concomitant lowering of gas fraction, as well as increasing 
slip at the wall as the shear rate increases. However, for this model, we will ignore 
shear thinning.   

 To determine the foam stress tensor, we must understand both the shear and 
bulk viscosity. We will assume the relationship between bulk and shear viscosities 
shown numerically by Kraynik  et al.   [23] :

   κ η
ϕ

ϕ
=

−⎛
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⎞
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g
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    (16.12)   

 Apparent slip at the wall is also expected for a foam, so while we were obtaining 
height versus time data, we also obtained detailed measurements of the velocity 
of the foam adjacent to the transparent wall by using  particle image velocimetry  
( PIV )  [24] . The slip coeffi cient is defi ned as  [25] :
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    (16.13)  

where  v y  ( x    =   0) is the slip velocity of the foam adjacent to the mold wall (assumed 
to be the velocity measured using PIV), and (d v y  /d x ) is the gradient of the velocity 
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     Figure 16.3     Foam viscosity as a function of gas content as measured (data) and as predicted 
by the Taylor – Mooney form  [20] .  
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at the wall. The maximum velocity of the foam (away from the walls) was deter-
mined from the height vs. time measurements discussed previously. The velocity 
gradient adjacent to the wall was determined by fi tting the foam velocity profi le to 
a parabola, from the maximum velocity away from the walls to the slip velocity at 
the wall, and taking the derivative. The above slip coeffi cient defi nition assumes 
a Newtonian continuous phase, which is valid for this foam system at early times 
before signifi cant polymerization has taken place. Over the foam viscosity range 
under investigation, the slip coeffi cient is of the order of 0.001 and is relatively 
constant.  

  16.3.4 
 Thermal Properties Models 

 Foam heat capacity and thermal conductivity are strong functions of gas volume 
fraction and necessary for the energy equation, Equation  16.4 . The foam heat 
capacity can be calculated from mixture theory for a two - phase material of epoxy 
and gas bubbles  [26] :

   C
c c

p
p p=

−( ) +ˆ ˆ, ,l l g g g gρ ϕ ρ ϕ
ρ

1
    (16.14)   

 Here,   ĉ  p  ,l   is the heat capacity of the continuous liquid phase, and   ĉ  p  ,  g   is the heat 
capacity of the gas  phase,   ρ   l  is the density of the liquid phase, and   ρ   g  is the density 
of the gas phase. 

 An approximation for the thermal conductivity of the foam mixture is given by 
the following equation  [27] :
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 This equation stems from an analysis of conduction through a solid matrix 
with cubic bubbles arranged in line, where  k g   is the gas conductivity,  k l   is 
the liquid - phase conductivity, and  k r   is the heat conduction due to radiation. 
In our initial implementation, we ignore any radiative contributions, assuming 
that at an oven temperature of 65    ° C they will not be important. Liquid phase 
properties were estimated by direct measurement, and from experience with 
other similar epoxy systems  [28] . Gas phase properties were estimated 
from air properties  [29] . A summary of the thermal parameters is given in Table 
 16.2 .     

  16.4 
 Numerical Method 

 As the foam expands via Fluorinert nucleation and growth, the material slowly 
fi lls the mold, displacing the pre - existing air. The location of the foam/air interface 
must be determined from the complex interplay of density evolution, velocity 
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generation, viscous stress, surface tension, and gravitational effects, and it must 
be determined as part of the solution method. Many methods are available to 
determine the location of the free surface, from moving mesh methods to volume 
of fl uid methods. Here, we use a Eulerian approach based on a diffuse interface 
implementation of the level set method  [13] . Because it is a Eulerian approach, it 
can handle geometric complexity and topological changes without complex 
remeshing steps. 

 The level set method uses continuous equations for both the foam and 
the displaced air, but modulates the material properties based on the level 
set function, a signed distance function of space and time. The magnitude of 
the level set function is the shortest distance from x to any point on the 
free surface, where the free surface is defi ned by the level set zero. The sign of 
level set is used to indicate whether the point x lies inside the material. In the 
diffuse interface approach, there is a smooth transition from one material 
to another. More details on the functional forms to achieve this can be found in 
Rao  et al.   [15] . In the momentum equation, the phase - defi ned stress tensor is more 
complex for the foam (Equation  16.3 ), while the displaced air is assumed to 
have a constant viscosity and be incompressible. In the energy equation, heat 
source terms only occur in the foam phase. The epoxy polymerization equation is 
also phase dependent and only has a nonzero source term in the foam phase 
(Equation  16.8 ). 

 Mold fi lling fl ows are often highly infl uenced by the capillary dynamics at the 
fl uid/gas interface, though it is unclear how important surface forces are to foam 
self - expansion fl ows. Due to the implicit tracking of this interface, special care 
must be taken to enforce the capillary boundary condition. More details on the 
general form of the capillary boundary condition and on the techniques to apply 
integrated boundary conditions with the level set method can be found in Rao 
 et al.   [15]  and Jacqmin  [30] . 

 The system of equations is discretized with the well - known Galerkin fi nite 
element method. For details of the fi nite element method see, for instance, 
Hughes  [31] . In 2D, we use direct Gaussian elimination, and in 3D, we use 
pressure stabilization  [31]  and iterative solvers  [32] . Details of the stabilization 
method and the matrix equations used for this problem are discussed in 
Rao  et al.   [15] .  

 Table 16.2     Thermal model parameters. 

   Thermal model parameters     Value  

  Heat capacity of liquid phase,   ĉ  p , l      2.0   J   g     − 1    K  − 1   
  Heat capacity of gas phase,   ĉ  p,g      1.0   J   g  − 1    K  − 1   
  Thermal conductivity of liquid phase,  k  l     0.18   W   m  − 1    K  − 1   
  Thermal conductivity of gas phase,  k  g     0.025   W   m  − 1    K  − 1   
  Heat of vaporization, Fluorinert,  Δ   Ĥ   evap     87.1   J   g  − 1   
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  16.5 
 Model Validation 

  16.5.1 
 Experiment and Model Set - Up 

 In a series of experiments, we observed foam as it fi lled a mold (Figure  16.4 ), 
consisting of a complex channel machined in a 5 - cm - thick aluminum block with 
a clear acrylic cover on the front face. The fi xture contains fl ow restrictions and 
sharp corners making it a good test of real materials and processes as well as 
numerical algorithms. The outer mold, consisting of 2 - cm - deep narrow sections 
and serpentine routes for the foam to penetrate, was used for model validation 
studies. The corresponding fi nite element mesh, consisting of 31   627 nodes and 
129   272 tetrahedral elements, is also pictured in Figure  16.4 . The overall height of 
the resulting cured foam part is about 14   cm, and the width of the narrowest 
channel is 0.2   cm. Filling is through an injection port labeled  “ Injection Port 1 ”  
in the left corner of the outer serpentine shape (the inner mold consisting of a 
cup shape, fi lled through  “ Injection Port 2 ” ) was not used in this study. The mold 
was instrumented with four thermocouples. Laser fl ashes and synchronized 
voltage signals timed the injection and provided a way of correlating video fi lms 
of the fi ll and thermocouple measurements to the time from initial mixing of parts 
A and B.   

 Finite element results of the full model with variable shear and bulk viscosity, 
polymerization, heat transfer, and variable thermal properties were compared to 
the temperature data and the fi lling rate for a nominal oven temperature of 65    ° C. 
For the boundary conditions of the calculation, we used a heat transfer coeffi cient 
at all solid boundaries of the form:

   q h T T= −( )oven     (16.16)   

     Figure 16.4     Mold (a), as seen in the videos and annotated (b), and as portrayed with a 
tetrahedral mesh (c).  
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 We estimated a heat transfer coeffi cient of roughly  h    =2.5   J   K  − 1    cm  − 2    s  − 1   [33] . 
Boundary conditions are also necessary for the velocity equation to indicate solid 
surfaces through which the foam cannot leak. Here, we applied a Navier - slip 
condition in the tangential direction and a no penetration condition in the normal 
direction:

   

n t v v t

v n

⋅ ⋅ = −( )⋅

⋅ =

t 1

0
β s

    (16.17)  

where  t  is the surface tangent, and  v   s   is the velocity of the surface, here taken to 
be zero. The results below were obtained using   β      =    0.01, rather than the experi-
mentally derived value of the order of 0.001, because unfortunately, in our simula-
tions, we have found that   β   smaller than 0.01 creates numerical problems such as 
entrained air layers. Although the simulations allow less slip at the walls than 
observed, we have found that the predicted fi ll times are not very sensitive to this 
boundary condition. The geometry is vented in the upper right hand corner, where 
we have also added an outfl ow boundary. At this outfl ow boundary, we apply no 
boundary condition, allowing the natural boundary condition to guide the fl ow out 
of the mold. 

 The level set requires an initial condition defi ning the fl uid/gas interface, which 
indicates the amount of foam precursor material that is injected into the mold 
before foaming begins. This initial condition was chosen to match the initial level 
of the foam precursor material in the experiments. The temperature of the foam 
precursor is mixed to 43    ° C. However, through the injection line in the oven and 
through the mold wall, the material heats up rapidly to a temperature of 52.7    ° C; 
therefore, we used this latter measurement as our initial temperature.  

  16.5.2 
 Results 

 Finite element results of the front location are shown in Figure  16.5  above three 
representative video frames from the experiment. The qualitative features of the 
fl ow are well represented by the model, as is the volume of the foam at earlier 
times. However, the model predicts a faster fi lling rate than observed at later times. 
At very late times, numerical issues arose as the viscosity increased by three orders 
of magnitude, leading to the loss of convergence of the method. The level set 
method is well - known for experiencing numerical problems if the viscosity ratio 
of the fl uid to gas phase increases above 1000  [34] . This issue does not appear if 
we limit the maximum viscosity ratio of the fl uid and the displaced air phase; 
however, that can further decrease the predicted fi ll times.   

 Examining the temperature in the simulations, one can see that the displaced 
air phase stays at the oven temperature while the foam material heats up slowly, 
reaching the oven temperature after 145.6   s, as shown in Figure  16.6 . This fi gure 
also shows the experimental measurements for TC101 (the infl ow) and TC103 
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     Figure 16.5     (a) Comparison between 
experiment of EFAR fi lling a mold at 65    ° C (at 
times   =   0.1, 78.1, and 145.6   s, (bottom)) and 
simulation (at times   =   0., 78.6, and 184.1   s, 

(top)), and (b) location of the point where the 
foam traveling in the two arms meet in the 
model (left) and experiment (right).  

     Figure 16.6     Comparison between experiment (b) and simulation (a) for TC101 (blue) and 
TC103 (yellow), as well as temperature contours from the simulation at a slice in the center of 
the mold (c).  
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(located in the side wall), and the simulation results at locations similar to these 
locations. (The other two thermocouples just track the oven temperature and do 
not change during the foaming process.) Comparing the results from the simula-
tion to the experiments (Figure  16.6 ), we can see that the model does a good job 
of representing the drop in temperature associated with the cool foam hitting 
TC103 at roughly 70   s, and subsequently heating back up to the oven temperature, 
although, again, the simulation is faster than the experiment.     

  16.6 
 Discussion and Suggested Improvements to the Model 

 The current model is an engineering design tool that will allow us to study process-
ing variables such as temperature and concentrations of Fluorinert and air, as well 
as the effect of gate and vent location for optimizing the foam encapsulation 
process. It has many good features: (i) It is reasonably robust numerically, (ii) it 
is fast enough that it can be run in complex geometries of real components, (iii) 
it is fairly easy to understand and populate via simple experiments and experimen-
tal analysis, and can be applied to other physically blown foams such as REF, and 
(iv) it can predict trends for engineering optimization. However, there is obviously 
room for improvement. We are currently developing a detailed treatment of the 
Fluorinert nucleation and growth that does not rely wholly on the density model 
for the correct foaming and can track the buoyancy induced separation of the gas 
bubbles, the epoxy pre - polymer, and the heavier Fluorinert liquid droplets in the 
foam precursor material. 

 In production, the foam precursor is created by vigorously shaking to mix the 
blowing agent into the amine fraction of the epoxy, then stirring this mixture into 
the epoxy monomer. Since the blowing agent is immiscible in the epoxy, this 
mixing action disperses the blowing agent into a fi ne emulsion and also incorpo-
rates many small air bubbles. If the epoxy mix sits too long before being placed in 
the oven, we observe separation of air bubbles to the top and settling of the Fluori-
nert to the bottom  [35] . This leads to a much denser foam after heating and leaves 
more unfoamed material at the bottom after curing. These observations suggest 
that bubbles might be necessary as nucleation sites for the blowing agent to boil. 

 We performed various simple tests to study the nucleation dynamics for Fluo-
rinert FC - 72 in EFAR epoxy  [35] . Fluorinert droplets surrounded by the curative 
mixture did not boil, even up to a temperature of 70    ° C. This indicates that the 
temperature for homogeneous nucleation is greater than 70    ° C, and that boiling 
in the encapsulation process occurs through heterogeneous nucleation, requiring 
a nucleation site to initiate the change in phase. Cab - O - Sil mixed into the curative 
matrix does not seem to be effective in nucleating the Fluorinert droplets. However, 
if we introduce air into the mixture, the Fluorinert boils at much lower tempera-
tures. From these results, it is clear that air is an important nucleating agent in 
EFAR foams. The hypothesis that incorporated air is the primary means of nuclea-
tion in the current process is consistent with tests of mixing methods, which show 
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that using a paint shaker to mix the parts A and B together seems to result in a 
fi ner - celled foam, presumably because of more nucleation sites for a fi xed amount 
of Fluorinert. 

 We are currently developing a model that captures two - phase morphology and 
assumes that the gas is made up of two components: an air component that acts 
like a seed for the boiling, and the vapor phase of Fluorinert. The collision of a 
Fluorinert liquid emulsion droplet with a rising gas phase bubble is required 
before boiling and bubble expansion can take place. 

 Another approach we are taking is to improve epoxy foams and change the 
foaming process to minimize the density gradients observed in REF and EFAR 
(Figure  16.7 ). These new approaches are discussed in the next section.    

  16.7 
 New Foaming Strategies to Minimize Gravity - Induced Density Gradients 

  16.7.1 
 Chemical Blowing 

 While physical blowing is, in principle, simple, the process for REF and EFAR can 
be more complicated to control and model because heat transfer is necessary for 
vaporization. Furthermore, the blowing agent is immiscible, forming an emulsion 
with the epoxy pre - polymer that leads to diffi cult nucleation and gravitational 
separation of constituents. A foaming strategy that relies on chemical reactions to 

     Figure 16.7     X - ray CT giving density of the 
fi nal part. The value in the box outlined by a 
dotted line represents the reduction in the 
average density found in the highest boxed 
region and the average density found in the 
lowest boxed region. The bright area at the 
very bottom of the mold is essentially 
unfoamed epoxy.  
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produce the gas would allow a more uniform distribution of blowing agent. Better 
control of foam expansion could also be accomplished by minimizing exothermic 
epoxy curing reactions currently found in the amine - cured REF and EFAR. 

 Chemical blowing for an epoxy system is not a straightforward option, perhaps 
the reason why cheap commercial epoxy foams are not available. Neither epoxy 
groups nor the commonly used amine curing agents allow reactions that can be 
tweaked towards simple gas generation. Amines will instantly react with isocy-
anates, preventing the use of epoxy - amine systems blown with isocyanate – water. 
We believe, therefore, that any chemical foaming should involve epoxy systems 
that are amine - free. One such alternative is found in epoxy pre - polymers cured 
with acid anhydrides. Due to their reduced reactivity, these reagents often require 
elevated temperature and accelerators in order to cure; however, spontaneous run -
 away reactions due to exothermic and auto - catalytic cure, as often seen in amine 
systems, can be minimized. Acid anhydrides also contain  “ CO 2  units ”  in their 
chemical structure, and have been evaluated as a source for CO 2  analogous to the 
isocyanate – water reaction where an active ingredient in a foam system produces 
CO 2   [36] . Under specifi c conditions anhydrides can be initiated to cleave off CO 2 . 
Below are two examples of foam systems where CO 2  is generated from acid anhy-
drides as a proof of principle for chemically blown epoxy foams.  

  16.7.2 
 Maleic Anhydride Polymerization and  CO 2   Generation 

 The fi rst option investigated was using  maleic anhydride  ( MA ) as a CO 2  carrier 
and, hence, a foaming agent  [36, 37] . MA is not only attractive for gas generation, 
but is also a cure agent that can be used in epoxy systems, or as a co - cure agent 
with aromatic anhydrides in a chainwise copolymerization  [38]  (see also Chapter 
 1 ). There have been attempts to utilize the double bond reactivity of MA, but the 
homo - polymerization of MA is not a simple process  [39] . 

 An alternative method to polymerize MA is found in an anionic process using 
nucleophilic initiation. Initiators can be imidazole derivatives, other aromatic 
amine - heterocycles, tertiary amines, and similar compounds. Ring - opening 
polymerization results in an intermediate with an  α , β  - unsaturated terminal car-
boxylate group (Equation  16.18 ), with further polymerization involving conjugated 
vinyl ketone, anhydride structure, and some CO 2  production having been reported 
 [40 – 42] . Interestingly, it is possible for such intermediates to cleave off CO 2 , and 
the remaining anion continues to propagate, forming a poly(maleic anhydride) 
with alternating vinyl ketone structures.
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 We explored similar foaming approaches based on phthalic acid anhydrides and 
its derivatives, but could not obtain measurable CO 2  yields. This is not unreason-
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able since the aromatic ring would not allow a localized strong anionic character; 
hence, an intermediate after any CO 2  elimination is less likely to propagate. Simi-
larly, tetrahydro -  and hexahydro - phthalic acid anhydrides did not produce CO 2 , 
suggesting the combination of a carbonyl and  α , β  - unsaturation, as found in the 
MA, is critical. Also, not every nucleophilic initiator results in similar activity, but 
some compounds displayed strong initiation potential. As a word of caution, a few 
initiator droplets added to pure hot MA (65    ° C) may result in spectacular exother-
mic explosive polymerization.  

  16.7.3 
 Epoxy Systems Foamed Via Maleic Anhydride Polymerization 

 Epoxy pre - polymers based on bisphenol A or phenolic novolac derivatives can be 
cured with commercial amines through a stepwise polymerization or, as discussed 
above, with acid anhydrides in a chainwise copolymerization. Since anhydrides 
will also quickly react with amines to form amides and water, hybrid systems 
containing both curatives are not feasible. 

 In a basic epoxy – MA foam system, MA will act as a curing agent, but will also 
deliver CO 2 , as discussed above, and, hence, act as an  in   situ  chemical foaming 
agent. Wide stoichiometric ratios are possible, and nucleophilic initiation will 
simultaneously lead to epoxy homopolymerization, epoxy – anhydride cure, and 
MA homopolymerization. Hence, the acid anhydride does not require a 1   :   1 molar 
reactivity with the epoxy, as long as suitable mechanical properties are achievable. 
As in any other foam system, optimization will be required to control foam density, 
cell size, toughness, glass transition temperature, and adhesion. 

 As a proof of principle, we added 10 to 30 parts per hundred parts of MA (a 
liquid at 65    ° C, melting point   =   55    ° C) to commercial epoxy pre - polymers (Epon 
828, Epon 160, Epon 154), plus suitable surfactant, to obtain foamed epoxy materi-
als. Additional aromatic acid anhydrides may be added to vary the mechanical 
properties and cure behavior. Initiation speed, exothermic behavior, foam rise 
timing, and foam volume yields can be controlled by varying the acid anhydride 
and initiator concentrations. An advantage of the polymeric nature of the 
poly(maleic anhydride) derivatives formed during CO 2  generation is an increase 
in molecular weight and internal stabilization of the resulting foam with fl exible 
oligomers. This is very similar to polyurethanes, where any amines remaining 
after CO 2  formation will quickly react further with isocyanates to form oligomeric 
ureas and support the foam structure while the foam is rising. Figure  16.8  shows 
two examples of foamed epoxy materials using traditional means, that is, physical 
blowing via Fluorinert and isocyanate - based foaming chemistry (PU), and the 
novel concept of using maleic acid anhydride for CO 2  generation. Very similar 
foams in terms of cells sizes can be obtained.   

 Since MA could be triggered to induce foaming, we were interested in exploring 
other anhydrides with similar action, in particular some that may not polymerize 
and therefore could act as a pure foaming agent. This is actually an advantage as 
intrinsic foam stability, rheological features, and processing fl ow can be studied 
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when the resin is foamed without the competing curing and polymerization 
reactions.  

  16.7.4 
  BOC  Based Foaming and Enhanced Foam Stability 

 The second option explored to chemically blow epoxy foams involved  tert  - butoxy-
carbonyl anhydride (BOC) (or bis( tert  - butyl) dicarbonate), that is often used to 
deliver  tert  - butylcarboxylate protection in organic chemistry. It contains an anhy-
dride structure that can also be triggered to yield CO 2  by applying the same prin-
ciple of eliminating CO 2  as discussed above  [43] . The nucleophilic initiated CO 2  
generation from BOC for chemical foaming is shown here:
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 In our experiments, we found the CO 2  production to be close to stoichiometric 
gas yield for systems containing 5 – 10% BOC (Figure  16.9 ) and to result in nice 
solid foams when cured with aromatic anhydrides. However, in contrast, this 
reagent cannot polymerize on its own. In particular, we believe that epoxy anhy-
dride - based systems where CO 2  is cleaved off for foam expansion represent a 
completely new method of making customized foams.   

 To avoid the density gradients often found in EFAR or REF, we would like to 
produce a long - lived foam with minimal drainage. BOC foaming approaches also 
allow us to study foam stability and foam processing features in the non - cured 
state. While gelation as a result of cure reactions that proceed concurrently with 
foaming will lead to fast support of a foam structure, such systems are diffi cult to 
use as models to probe fundamental foam stability. BOC as a foaming agent in 
non - reactive systems can be used to probe the intrinsic stability of cells and focus 
on the infl uence of surfactants and resin viscosity  [44] . An example of an epoxy 
pre - polymer foamed with BOC, with optimized constituents (epoxy monomer and 

(a) (b) (c)

     Figure 16.8     (a) A physically blown removable epoxy foam (b) a PU foam, and (c) epoxy -
 based foam blown with CO 2  generation from maleic anhydride.  



 16.8 Summary  321

surfactants), and its stability versus time, is shown in Figure  16.10 . A better under-
standing of the underlying contributions of system constituents on overall fl ow 
and processing variables will achieve two goals: First, it will help in the design of 
improved materials for complicated mold geometries, and second, it will enable 
more appropriate system modeling.     

  16.8 
 Summary 

 We are interested in developing a production - level foam - processing computational 
model suitable for predicting the self - expansion of foam in complex geometries. 
The foam of primary interest is epoxy foam physically blown by boiling a volatile 
liquid mixed into the epoxy pre - polymer. The current model is based on a fi nite 
element representation of the equations of motion, with the movement of the free 
surface represented using the level set method. An empirically based time -  and 
temperature - dependent density model is used to encapsulate the complex physics 
of foam nucleation and growth in a numerically tractable model. The change in 

     Figure 16.9     A tough epoxy foam blown with BOC decomposition (a) and a non - curable pure 
epoxy resin without the curative (b).  

     Figure 16.10     An epoxy resin blown with 5% BOC addition and its catalytic decomposition at 
RT showing the stability of foam and cells versus time.  
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density with time is at the heart of the foam self - expansion as it creates the motion 
of the foam. This continuum - level model uses a homogenized description of foam, 
which does not include the gas explicitly, but only through the density model. The 
shear and bulk viscosities are a complex function of temperature, degree of polym-
erization, and gas bubble volume fraction. For our epoxy foams, foam processing 
is non - isothermal because of the low - temperature mixing step required by the 
physical blowing agent, the higher - temperature condition required for boiling the 
blowing agent, and the heat increase associated with the exothermic polymeriza-
tion. Here, we use thermal properties that vary with gas volume fraction. When 
available, physical properties are determined from experimental data. 

 Results from the model are compared to temperature - instrumented fl ow visu-
alization experiments giving the location of the foam front as a function of time 
for our model system. The simulations agree qualitatively with the experiments; 
however, the simulations over - predict the speed of the fi ll. More importantly, this 
approach precludes capture of the density gradients that occur in the actual foam. 
Future work will focus on a two - phase model to allow gravity segregation of liquid 
and gas. 

 The quest to eliminate density gradients appearing in the current epoxy foams 
used as electronic encapsulation materials has led us to consider novel foaming 
techniques and to optimize the constituents to maximize the foam stability. Two 
acid anhydride - based reagents were shown to catalytically produce CO 2  during a 
nucleophilic initiated polymerization or decomposition. In the presence of addi-
tional acid anhydrides, solid cured epoxy foams could be obtained. Maleic acid 
anhydride could be triggered to polymerize and generate suffi cient CO 2  in an 
epoxy matrix to deliver low density foam materials with variable cell size and 
mechanical properties. Further, the resulting poly(maleic anhydride) results in 
early and enhanced foam stability. Similarly,  tert  - butyl dicarbonate produces CO 2  
when triggered to decompose and can be used to foam curable materials or non -
 curable foams for fundamental foam stability measurements. 

 Future work will address combining the BOC decomposition with low amounts 
of polymeric isocyanates for extra crosslinking to produce more stable hybrid foam 
materials. We believe there is tremendous potential for developing these foaming 
processes further. Coupling chemical CO 2  generation and resin cure in an epoxy 
system is challenging, but intriguing avenues exist, as demonstrated here.  
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 Self - Healing Epoxy Composites  
  Michael W.   Keller        

   17.1 
 Introduction 

 All materials are susceptible to damage caused by repeated loadings or shocks. 
Damage arising from these loads generally manifests in the form of small cracks 
or voids, which are frequently subsurface, making detection diffi cult and complicat-
ing repair attempts. There have been signifi cant advances in the techniques that 
allow the detection and identifi cation of this subsurface damage. Current state - of -
 the - art non - destructive evaluation procedures can accurately and reliably alert the 
user to the location and extent of deep structure cracks and fl aws. However, these 
approaches only address the location of the damage, not the repair or replacement 
of the damaged parts. In polymer and polymer composites, repairing these subsur-
face cracks requires signifi cant effort, often involving material excavation and then 
infi lling. An example of such a technique would be composite infi ll patching to 
repair damaged fi ber - reinforced structures. Physical repair is one approach to miti-
gating the effects of small damage in composite and polymeric structures; a poten-
tially powerful alternative approach is to design these materials to have the ability 
to react to mechanical damage by initiating a repair mechanism. 

 Models for the design of such active, healing materials are naturally biological 
in origin. For example, wound healing in humans begins with the introduction of 
damage, such as a cut to the skin. This damage initiates a complex series of chemi-
cal triggers that culminate in the formation of a clot at the site of the wound. The 
newly formed clot provides wound closure and protection while the underlying 
tissue begins to remodel, eventually repairing the damage site. While this sequence 
of events roughly outlines healing in humans, it is not necessary to completely 
reproduce this healing approach when designing healing mechanisms in synthetic 
materials. Taking cues from these biological systems, researchers have begun to 
incorporate aspects of biological healing into synthetic materials. Materials with 
these new functionalities are referred to as  “ self - healing ”  materials. 

 Approaches for incorporating healing functionality into polymeric materials fall 
broadly into two categories. The sequestered approach utilizes reservoirs of a 
chemically active agent, called a  “ healing - agent ” , located in the material. Damage 
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in the material will liberate and activate this healing agent, which then adhesively 
bonds the damage, repairing the material. The second class of materials can be 
referred to as  “ intrinsically ”  self - healing, in that the polymer architecture is 
designed in such a way that there is some  “ reversibility ” . At the molecular level 
all damage is essentially the breaking of chemical bonds. Intrinsically self - healing 
materials incorporate chemical functionalities that can be broken and reformed to 
replace the chemical bonds broken during the damage event. The fi rst part of this 
chapter will be devoted to the sequestered healing agent approach. The second 
part will discuss developments in intrinsically self - healing materials.  

  17.2 
 Sequestered Healing - Agent Systems 

 Healing of cracks and related damage in materials has received much attention in 
the literature, beginning in the 1970s. Work performed during this initial explora-
tory phase included investigations of crack healing in glass  [1 – 3]  and also thermo-
plastic polymers  [4 – 9] . However, much of this work was either conceptual in 
nature or required outside intervention in the form of heat or pressure to initiate 
and complete the repair. Initial experimental forays into utilizing a dispersed, 
discrete second phase that contains a chemically active healing agent as a healing 
mechanism were performed by Dry and coworkers  [10 – 12] . In these early materi-
als, large glass tubes were fi lled with either a two - part epoxy or one - part cyanoacr-
ylate adhesive and then embedded in the host polymer. Damage, usually in the 
form of a crack, would rupture these containers and release the contents. However, 
the experimental results provided little quantitative evidence of successful healing 
and these early tests were therefore primarily conceptual. 

  17.2.1 
 Microcapsule - Based Self - Healing 

 The fi rst successful, fully autonomic self - healing epoxy was developed by White 
and coworkers  [13] . Healing functionality was incorporated into the host polymer 
by entraining a microencapsulated healing agent and a solid - phase catalyst into 
the epoxy prepolymer and then curing. The repair mechanism functioned simi-
larly to the glass tube concept, where a propagating crack would intersect a number 
of microcapsules and rupture them (see Figure  17.1 ). Liquid healing agent con-
tained within the microcapsule would be released and then wick onto the crack 
plane. As the healing agent encounters the embedded catalyst, a polymerization 
reaction is initiated and proceeds until all released healing agent is consumed. The 
resulting polymer serves as a bonding agent that bridges the crack, regaining 
much of the initial material properties (fracture toughness, stiffness, ultimate 
strength, etc.).   

 In the initial work, the healing agent was  dicyclopentadiene  ( DCPD ), a liquid, 
low - cost monomer, and the catalyst was benzylidene - bis(tricyclohexylphosphine)
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dichlororuthenium (fi rst generation Grubbs ’  catalyst). Polymerization of the 
monomer took place via a  ring - opening metathesis polymerization  ( ROMP ), 
shown in Scheme  17.1 . Since DCPD is bi - functional, each monomer unit has two 
sites of possible polymerization, potentially leading to a highly crosslinked poly-
mer. Microencapsulation of the healing agent was performed utilizing an  in situ  
 urea - formaldehyde  ( UF ) encapsulation procedure  [14] . In this process, the water -
 immiscible healing agent is emulsifi ed in an aqueous bath, to which the urea and 
formaldehyde are added. Polymerization of the urea and formaldehyde takes 
place in the water and the newly formed polymer then deposits at the interface 
between the suspended healing agent droplets and the water, forming the shell 
of the microcapsule. The matrix material for this initial work was a bisphenol 
A - derived epoxy prepolymer (Epon 828) cured with  diethylenetriamine  ( DETA ).   

     Figure 17.1     Schematic of a self - healing polymer utilizing a dispersed microcapsule phase 
and a dispersed solid catalyst phase.  Reprinted with permission from  [13] .   

+ Ru

Ph
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Cl

     Scheme 17.1     Ring - opening metathesis polymerization of DCPD via Grubbs catalyst.  
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 Healing was assessed by quantifying the capability of the material to recover 
fracture toughness  [13] . A healing effi ciency was defi ned as

   η =
K

K
IC
healed

IC
initial

    (17.1)  

where   KIC
initial  is the measured fracture toughness of the initial, virgin test specimen 

and   KIC
healed  is the measured fracture toughness of a healed specimen. Fracture 

testing of the self - healing epoxy was performed utilizing a  tapered double canti-
levered beam  ( TDCB ) geometry, which had been developed by Mostovoy and 
coworkers  [15] . Adoption of the TDCB geometry allowed a crack - length independ-
ent measure of fracture toughness, eliminating the need to determine the position 
of the crack tip in a healed specimen. As a direct result of the crack - length inde-
pendence, the healing effi ciency   η   can be reduced to Equation  17.2 , which is a 
simple ratio of the peak loads in the initial and healed tests,

   η =
P

P
C
healed

C
initial

    (17.2)   

 Fracture testing of a self - healing specimen begins with the introduction of a pre -
 crack, generated by tapping a razor blade into a starter notch. The specimen is 
then loaded in tension until the crack propagates through the entire sample. 
Healing begins by placing the two halves of the specimen into intimate contact 
and allowing a rest period or healing period at room temperature. After this 
healing period, the now repaired sample is retested to failure. Using this assess-
ment technique, Brown  et al.  demonstrated repeatable healing effi ciencies of 75% 
and, with appropriate optimization, healing effi ciencies exceeding 90% recovery 
were obtained  [16] . 

 The DCPD - Grubbs ’  healing system was studied to determine the effects 
of both capsule and catalyst concentration on healing effi ciency. Increasing 
the catalyst concentration was found to improve healing effi ciencies when 
the capsule concentration was held fi xed  [16] . The dependence of healing effi ciency 
on capsule concentration was investigated utilizing microcapsules with average 
diameters of 180    μ m. Healing effi ciency was found to vary considerable with 
increasing capsule concentration, as shown in Figure  17.2 b. Closer examination 
of the fracture data indicated that the apparent variation in healing effi ciency 
is primarily the result of a microcapsule - induced toughening of the epoxy matrix, 
discussed more completely below. Increases in microcapsule concentration 
actually generate an increase in peak healed fracture toughness, as shown in 
Figure  17.2 a.   

 Brown, Sottos, and White also investigated the infl uence of microcapsule diam-
eter on the healing performance. As the average microcapsule diameter increased, 
healing effi ciency was also found to improve. However, as with the capsule con-
centration, the increase was found to be related to changes in the initial fracture 
toughness rather than signifi cant increases in healed fracture toughness  [16] . 
These initial investigations studied larger microcapsule sizes, with diameters 
ranging from 180 to 500    μ m. Healing performance utilizing smaller microcapsules 
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was evaluated by Rule, Sottos, and White  [17] , where self - healing epoxies contain-
ing microcapsules as small as 63    μ m in diameter were assessed for healing per-
formance. The smaller capsules produced relatively lower healing effi ciencies 
based on comparisons with the peak load achieved by healed specimens containing 
capsules in the 180    μ m range. Reductions in healing effi ciency, when smaller 
capsules were utilized, were attributed to a reduced volume of healing agent deliv-
ered to the crack plane. The small - diameter capsules introduced a mismatch 
in the volume of the crack; defi ned by the dimensions of the crack length, crack 
separation, and the volume of healing agent delivered to the crack plane. 
In an attempt to minimize the impact of large crack separations and improve 
the healing effi ciencies with smaller capsules, one group has utilized  shape -
 memory alloy  ( SMA ) wires aligned perpendicularly to the crack plane in order to 
provide an active crack - closure mechanism  [18] . Activation of the SMA wires by 
an applied current induces the wires to contract; drawing the crack faces closer 
together and reducing crack separation. Healing utilizing this active feature has 
shown improved effi ciencies when the delivered volumes of liquid healing agent 
are small ( ∼ 1    μ L). 

 One of the primary concerns in the formulation of self - healing epoxies is main-
taining the chemical activity of both the healing agent and the catalytic trigger. 
Curing epoxy networks can contain primary amines, radicals, and other chemically 
active species that can poison catalysts and react with active chemical functionality 
in healing agents. Microencapsulation has demonstrated the ability to successfully 
insulate a chemically active healing agent from the chemically hostile environment 
of a curing epoxy network. The urea - formaldehyde capsules (UF) utilized in most 
of the microcapsule - based healing, not only provide the appropriate chemical 
protection, but have also demonstrated reliability as the self - healing trigger. The 
UF capsules are robust enough to survive processing but rupture readily during 
a damage event to release the encapsulated healing agent and initiate the healing 
response. 

     Figure 17.2     Effect of microcapsule concentration on (a) virgin and healed fracture toughness 
and (b) calculated healing effi ciency. Microcapsules were 180    μ m in diameter and catalyst 
concentration was fi xed at 2.5   wt%.  Reprinted with permission from  [16] .   
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 The catalyst, however, is directly mixed into the epoxy prepolymer and therefore 
intimately exposed to the chemical environment during cure. This exposure can 
lead to deactivation of the catalyst, negatively impacting the healing performance. 
In an attempt to protect the catalyst, Rule and coworkers evaluated the use of a 
solid - phase wax encapsulation technique  [19] . In this encapsulation procedure, 
catalyst particles are mixed with molten wax and then added to a heated, stirred 
water bath. The catalyst - laden wax breaks into droplets, which are then solidifi ed 
by shock cooling the water bath, resulting in spherical particles of catalyst - fi lled 
wax. This protection scheme was found to reduce the required catalyst concentra-
tion from 2.5 to 0.25   wt% with little or no impact on healing effi ciency. While the 
wax did protect the catalyst by improving survivability, the healing agent was now 
required to dissolve the surrounding wax before the catalyst could be dissolved 
into the healing agent. The wax in the polymerizing healing agent served as a 
plasticizer, introducing non - linear fracture behavior during the healed fracture test 
(see Figure  17.3 ).   

 To address the non - linearity, the healing metric was modifi ed to one based on 
fracture energy rather than toughness. This new metric was defi ned as

   η =
G

G
I
healed

I
initial

    (17.3)  

where   GI
inital  is the initial virgin fracture energy and   GI

healed  is the healed fracture 
energy. 

 In addition to investigating techniques that provide physical protection of the 
catalyst phase, Wilson  et al.  investigated the effectiveness of recent, more advanced 
ROMP - active catalysts that offered improved chemical and thermal stability  [20] . 

     Figure 17.3     Example of non - linear healed fracture behavior resulting from wax inclusion in 
polymerizing healing agent.  Image courtesy of Joseph Rule.   
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Two alternative ROMP catalysts were evaluated, second - generation Grubbs ’  cata-
lyst (Figure  17.4 a) and Hoveyda – Grubbs ’  (Figure  17.4 b) catalyst.   

 These advanced catalysts were found to have improved thermal stability; 
however, healing performance was not necessarily better than with the fi rst gen-
eration Grubbs ’  catalyst. While the more advanced catalysts in Figure  17.4  had 
generally faster initial polymerization rates when compared to the fi rst generation, 
increased polymerization rates can lead to ineffi cient use of the catalyst during 
healing  [20] . Rapidly polymerizing healing agent is prone to encapsulating catalyst 
particles in newly formed polymer, preventing further dissolution of the catalyst 
and effectively halting further healing. Encapsulation issues are not limited to 
faster polymerization derived from increased catalytic activity, studies of the 
healing kinetics of two stereoisomers of DCPD (shown in Figure  17.5 ) by Mauldin 
 et al.  encountered similar behavior  [21] .   

 Self - healing materials utilizing the exo  -  stereoisomer and fi rst generation 
Grubbs ’  catalyst as the healing chemistry system also demonstrated substantially 
faster rates of healing when compared to a system utilizing the endo - stereoisomer 
(see Figure  17.6 ). However, the maximum achieved healing effi ciency for the  exo  -
 DCPD system was less than the healing effi ciencies of the  endo -  DCPD system. 
This reduction was also attributed to the encapsulation of the catalyst by newly 
formed polyDCPD. To address the encapsulation, various blends of the exo  -   and 
endo  -  stereoisomers were encapsulated in UF microcapsules and tested for healing 
performance. Improvements in healing kinetics were obtained without signifi cant 
impact on the healing effi ciency when compared to the initial system reported by 
White  et al.   [21] . Additionally, the adoption of the  exo  - DCPD monomer as the 
healing agent allowed reduction of the minimum temperature at which healing 
could be performed. Previous studies investigating the cure kinetics of the 

     Figure 17.4     Advanced ruthenium - based ROMP catalysts, (a) second - generation Grubbs ’  
catalyst and (b) Hoveyda – Grubbs ’  catalyst.  

     Figure 17.5     Stereoisomers of DCPD, (a)  endo  - DCPD and (b)  exo  - DCPD.  



 332  17 Self-Healing Epoxy Composites

Grubbs - DCPD system indicated that a lower temperature limit of 15    ° C existed for 
the  endo -  DCPD system, primarily resulting from the freezing of the endo  -  
stereoisomer at that temperature  [22] . The exo  -  isomer does not freeze until  − 55    ° C 
and Mauldin and coworkers successful demonstrated healing at temperatures 
between 0 and 4    ° C  [21] .   

 The modifi cation of the physical morphology of the catalyst can also produce 
signifi cant changes in the chemical kinetics of healing. As described above, the 
competition between the dissolution rate of the catalyst into the healing agent and 
the polymerization rate of the healing agent can have signifi cant effects on the 
healing performance. Altering the catalyst particle size and physical morphology 
can profoundly affect dissolution times. Initial studies on the relationship of cata-
lyst particle size and healing effi ciency were performed by Brown  et al.   [16] . Cata-
lyst particle size was modifi ed by physically grinding the as - received catalyst. This 
work utilized the  endo -  DCPD healing agent and the dissolution rate of the catalyst 
was fast enough to allow use of catalyst particles up to 1   mm in diameter. Healing 
effi ciency was found to improve as the catalyst size increased. In the light of 
further studies, the improvement in healing effi ciency for the larger particle size 
is likely the result of reduced catalyst deactivation by exposure to the chemical 
environment of the curing epoxy network  [23] . Large particles allow for an  in situ  
encapsulation, where the outer surface acts as a deactivated  “ shell ”  that protects a 
core of viable, active catalyst. The shell thickness is a function of the diffusivity of 
the amine curing agent and is, therefore, of relatively constant dimension. As the 
particle size approaches the dimension of the shell, there is less active catalyst per 
particle, effectively reducing catalyst concentration in the specimen. Further inves-
tigation of catalyst morphology was performed by Jones  et al.   [24] , who demon-
strated that several physical morphologies were accessible by altering the catalyst 
processing conditions. By moving from large, quadrilateral crystals to a more rod -
 like form, healing effi ciencies were greatly improved, primarily as a direct result 

     Figure 17.6     Comparison of evolution of healing effi ciency for self - healing epoxy utilizing two 
stereoisomers of DCPD.  Reprinted with permission from  [21] .   
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of faster dissolution times leading to better catalyst distribution through the 
released healing agent  [24] . 

 While the incorporation of a healing mechanism is highly desired, the introduc-
tion of the microcapsules and catalyst phases should not signifi cantly reduce the 
virgin material properties of the host epoxy matrix. Fracture testing has shown 
that the inclusion of microcapsules toughens the epoxy by as much as 127% over 
the epoxy - only value  [25] . The toughening effect was found to be dependent on 
both capsule diameter and capsule concentration. As shown in Figure  17.7 , the 
maximum toughening generated by the inclusion of the capsules was relatively 
insensitive to diameter, but the concentration at which maximum toughening is 
achieved is highly diameter dependent. Improvements in fracture toughness were 
attributed to the generation of a new, energy adsorbing, fracture process not 
present in the neat epoxy material. Neat epoxy specimens have a fl at, mostly fea-
tureless, fracture surface, while the microcapsule - fi lled specimens have a highly 
featured, hackle - marked fracture surface  [25] .   

 The discussion of healing so far has focused on the repair of large cracks gener-
ated by a single fracture event. This type of  “ catastrophic ”  fracture is generally not 
encountered in service conditions and the identifi cation and mitigation of slowly 
growing fatigue cracks is typically of greater concern. Application of self - healing 
in these loading regimes was fi rst investigated by Brown and coworkers in a series 
of two papers  [26, 27] . The fi rst paper reported on the characterization of the 
behavior of a set of control experiments utilizing manual injection of pre - catalyzed 
healing agent  [27] . The second paper reported the performance of the completely 
 in situ  self - healing system  [26] . Healing was quantifi ed by a life extension ratio   λ  , 
defi ned as the ratio of the difference between the cycles to failure of a self - healing 

     Figure 17.7     Fracture toughness of microcapsule - epoxy system investigated with respect to 
capsule concentration and diameter.  Reprinted with permission from  [25] .   
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specimen  N  healed  and a non - healing control specimen  N  control , normalized by life of 
the control (Equation  17.4 ),

   λ =
−N N

N
healed control

control

    (17.4)   

 Retardation of crack growth was generated by a combination of mechanisms, with 
a crack - closure mechanism providing the bulk of the reduction in crack growth 
rate  [27] . In this mechanism, a wedge of polymerized healing agent, in this case 
polyDCPD, interacts with the crack faces reducing the stress intensity at the crack 
tip. Additionally, simply the introduction of a viscous fl uid into the crack plane 
has also been shown to somewhat shield the crack tip from applied far - fi eld 
stresses  [27] . 

 In the fully  in situ  case, where the material contained both the microencapsu-
lated healing agent and the catalyst, impressive retardations of fatigue crack 
growth were demonstrated (Figure  17.8 ). Healing performance of the  in situ  self -
 healing epoxy in fatigue is dependent on several parameters, but applied load level 
( Δ  K  )  is the most signifi cant determinant of life extension. Depending on the 
applied stress - intensity factor a full range of behaviors from no healing to complete 
crack arrest is accessible  [26] .   

 The dependence on applied load level is directly related to the relative values of 
the polymerization kinetics and the mechanical damage kinetics. This interplay 
between these two dynamic processes was investigated by Jones  et al.  for a variety 
of relative rates  [28] . In general, if the polymerization rates of the healing agent 
are much slower than the rate at which the crack propagates, there will be little 

     Figure 17.8     Fatigue performance of a self - healing epoxy, with   λ     =   213%, 
 Δ  K  I    =   0.338   MPa   m 1/2 .  Reprinted with permission from  [26] .   
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     Figure 17.9     Cumulative crack growth vs. 
elapsed time plots for fatigue loadings of 
self - healing epoxies. (a) Demonstrates the 
effect on loading for self - healing material with 
a lower fatigue load allowing complete arrest 
of fatigue crack - growth. (b) Highlights the 

effect of chemical kinetics on healing with 
faster polymerization improving fatigue 
response. The control specimen contained 
microcapsules, but no catalyst.  Reprinted with 
permission from  [28] .   

retardation of crack growth. For the case where the polymerization kinetics is 
much faster than the damage propagation, then complete arrest of crack growth 
is possible (see Figure  17.9 a).   

 The effect of chemical kinetics was studied by comparing two healing systems 
with different polymerization kinetics. Figure  17.9 b demonstrates the improve-
ment in fatigue performance, as measured by crack growth, for a healing system 
with faster polymerization kinetics. The discrepancy between the chemical and 
mechanical kinetics can also be addressed through the use of rest periods, as 
shown in Figure  17.10 . These are periods in which loading is suspended and the 
chemistry is allowed to  “ catch up ” . By utilizing these rest periods, signifi cant 
extension in fatigue life is possible.   

 Matrix materials for all of the self - healing work described above were generally 
bisphenol - A derived epoxides, particularly Epon 828 and Epon 826, cured with 
either primary amines, such as diethylenetriamine (DETA), or tertiary amines 
(Ancamine K54)  [13, 16, 26, 27, 29] . Healing of epoxy vinyl esters, cured via free -
 radical initiation, utilizing a ROMP - based healing chemistry has also been dem-
onstrated, but required wax encapsulation of the catalyst to ensure activity and 
successfully heal the material  [30] . 

 Microcapsule - based healing is currently being integrated into fi ber - reinforced 
composite materials. Epoxies serve as the matrix materials for the bulk of com-
mercially utilized, fi ber - reinforced composite materials in demanding service envi-
ronments, such as aircraft and aerospace applications  [31] . The initial studies of 
microcapsule - based healing in fi ber - reinforced composites were performed by 
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Kessler and coworkers in a series of two papers investigating the performance of 
self - healing composites with woven reinforcement  [32, 33] . In the fi rst paper, 
healing of self - activated delamination damage was evaluated for woven e - glass 
reinforced epoxy. A self - activated sample contains the catalytic trigger, in this case 
dispersed Grubbs ’  catalyst, but no other healing components. An inter - laminar 
crack was propagated through the material and then healing agent was injected 
onto the fracture surface. Average healing effi ciencies of 20% were achieved for 
these specimens. The relatively low recoveries were attributed to a combination of 
healing agent polymerization kinetics and poor interfacial bonding between the 
polymerized healing agent and the host polymer  [32] . The follow - on paper inves-
tigated the interlaminar fracture of woven carbon fi ber - reinforced epoxy with 
better healing results. Self - activated samples recovered, on average, 73% of the 
initial interlaminar fracture toughness and the fully  in situ  specimens recovered 
an average of 38% of the initial interlaminar fracture toughness  [13] . Heating the 
 in situ  specimens to 80    ° C during the healing period improved the average healing 
response to 80% recovery. 

 Healing of impact damage has also been attempted utilizing microcapsule - based 
self - healing epoxies. Patel, Sottos, and White have demonstrated some early work 
on the repair of low - speed impact damage. Incorporating self - healing into a multi -
 layer, woven glass - fi ber composite, resulted in a 51% reduction in crack lengths 
after healing, when compared to non - healing controls  [34] .  

     Figure 17.10     Fatigue of  in situ  self - healing specimen with rest periods compared to a 
self - healing specimen with no rest periods ( Δ  K    =   0.729   MPa   m 1/2 ). Rest periods are indicated 
by arrows in the fi gure.  Reprinted with permission from  [28] .   
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  17.2.2 
 Alternative Healing Chemistries 

 While the DCPD - Grubbs ’  healing chemistry has proven to be effective for auto-
nomic repair of epoxies and epoxy composites, there are signifi cant concerns with 
cost and survivability of the catalyst. In order to address these concerns, a con-
certed effort to develop new healing chemistries is currently underway. Cho  et al.  
utilized a healing system based on phase - separated, silanol - terminated poly-
dimethylsiloxane to repair epoxies  [35] . In this material, the  polydimethylsiloxane  
( PDMS ) was mixed directly into the uncured epoxy vinyl ester prepolymer. During 
curing, the PDMS would phase separate into spherical regions, which served as 
sequestered regions of healing agent. An organo - tin catalyst phase was microen-
capsulated in a polyurethane shell and also incorporated into the matrix material. 
Healing was accomplished in a similar manner to the White system, where an 
oncoming crack would intersect both a microcapsule and a phase - separated resin 
reservoir. Contact between the resin and the liquid catalyst would initiate a polym-
erization leading to the repair of the epoxy matrix. This system was stable under 
a variety of environmental stresses, but was not as effective as the DCPD - Grubbs ’  
system in recovering fracture toughness  [36] . This was primarily attributed to the 
poor mechanical characteristics of the PDMS when compared to the matrix. While 
this system was not particularly effective at restoring mechanical properties of the 
epoxies, it is particularly well - suited for repairing damage from scratches in epoxy -
 based coatings and preventing corrosion  [37] . 

 Kamphaus and White investigated a tungsten hexachloride precursor as an 
alternative ROMP active catalyst to the more expensive Grubbs ’  catalyst. This 
system has the potential to reduce the cost of self - healing materials by a signifi cant 
margin  [23] . However, achieving high values of healing effi ciency in these systems 
has been diffi cult. Unlike the Grubbs ’  - based ROMP chemistry, tungsten hexachlo-
ride catalysts require an alkylation step before a ROMP - active catalyst compound 
is formed. Successful healing was demonstrated in this system, albeit at low effi -
ciencies,  ∼ 20% for the fully  in situ  system. Challenges in realizing this particular 
catalyst system include determining effective protection schemes to reduce catalyst 
deactivation due to exposure to either air or the hostile chemical environment 
during epoxy cure and improvements in catalyst dispersion  [23] . 

 Recently, Caruso and coworkers described an extremely effective healing system 
based on microencapsulated solvents  [38, 39] . The fi rst, solvent - based autonomic 
system utilized microencapsulated chlorobenzene, which was determined to be 
the best combination of stability and encapsulability. Average healing effi ciencies 
of 80% were realized with this particular solvent  [38] . In a second paper, solvent -
 based healing was expanded to other, less toxic, solvents, specifi cally phenylacetate 
and ethyl phenylacetate. The phenylacetate - based healing system performed 
remarkably well recovering, on average, 103% of the original material fracture -
 toughness  [39] . 

 In addition to the inclusion of catalyst or curing agent as an encapsulated discrete 
phase, there has been success utilizing a dissolved or latent curing agent dispersed 
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uniformly throughout the matrix material. Yin and coworkers demonstrated the 
healing of a bisphenol - A derived epoxy cured with pentaethyleneamine utilizing a 
dissolved imide curing agent, CuBr 2 (2 - MeIM) 4   [40] . High healing effi ciencies were 
reported, however the activation of the healing required exposures to 130    ° C for 1   h.  

  17.2.3 
 Hollow - Fiber - Based Healing 

 An alternative approach to sequestering active healing chemistry in a matrix or 
composite material is to utilize long hollow fi bers. Bond and coworkers utilized 
this approach to provide healing functionality to carbon -  and glass - reinforced 
epoxy composites  [41, 42] . This approach was adopted to address some perceived 
diffi culties in adapting the microcapsule - based approach to high volume fraction 
composites. Specifi cally, the inclusion of microcapsules can disrupt fi ber orienta-
tion and packing. Hollow fi bers were expected to minimally impact fi ber packing 
in the composite material. To construct a self - healing  fi ber - reinforced plastic  
( FRP ), hollow fi bers were fi lled with a low - viscosity epoxy prepolymer and then 
incorporated into the FRP along with fi bers fi lled with a curing agent (see Figure 
 17.11 ). Rupture of the fi bers via a propagating crack releases the prepolymer and 
hardener, which begin to cure. The resulting polymer repairs the localized damage.   

 Testing utilizing indention to simulate impact damage, followed by a fl exural 
strength test, indicated that the healing - system was capable of recovering a signifi -
cant ( ∼ 97%) amount of fl exural strength when compared to non - healing controls. 
However, the fi bers were of relatively large diameter, 60    μ m, when compared to 
the scale of the fi ber reinforcement and had a slight negative impact on the virgin 

    Figure 17.11     End view of fi ber - reinforced composite containing hollow fi bers.  Image courtesy 
of H.R. Trask.   
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properties of the composite ( ∼ 16% reduction)  [43] . Further studies have investi-
gated the placement of the hollow fi bers in carbon/epoxy composites to determine 
the effect on healing and virgin properties. Widely spacing the hollow fi bers 
(100    μ m vs. 70    μ m) can reduce the impact of the healing components on the virgin 
properties with only a minor impact on healing performance, 89% recovery for 
closely spaced and 80% recovery for widely spaced  [43] . This system has also 
included a damage - visualization element by including a UV - active dye that  “ bled ”  
into the damage zone  [44] . The UV - active dye proved highly successful at identify-
ing the extent of the damage zone, correlating well with more traditional ultrasonic 
non - destructive evaluation techniques.  

  17.2.4 
 Microvascular Healing Systems 

 All of the sequestered approaches described above have one defi ciency: once the 
capsules or fi bers are ruptured their healing components are depleted and no 
further healing can take place. To address this limitation, Toohey  et al.  introduced 
self - healing materials where the liquid healing agent was contained within a syn-
thetic circulatory network embedded in the material  [45] . This network, shown 
schematically in Figure  17.12 , consisted of a series of interconnected channels 
located within an epoxy polymer. These channels are accessible, allowing the 
healing agent to be replenished as it is depleted during healing events. Healing 
of epoxies utilizing microvascular architecture was fi rst demonstrated by healing 
a thin epoxy coating. The vascular architecture was embedded into a substrate and 
fi lled with DCPD monomer. A thin epoxy fi lm containing Grubbs ’  catalyst was 
then applied to the top of the network and allowed to cure. Flexural testing led to 
cracking in the fi lm, which drew the DCPD from the network via capillary action, 
as shown in Figure  17.13 . This material was capable of healing the cracked coating 
as many as seven times. The limit in healing cycles was attributed to a combina-
tion of catalyst encapsulation and depletion in the fi lm as well as obstruction of 
the channels by polymerized DCPD  [46] .   

 The sample geometry was also modifi ed to incorporate two side - by - side net-
works, allowing an epoxy prepolymer and hardener to be circulated independently. 
Like the system above, cracks introduced in the coating during testing would draw 

     Figure 17.12     Schematic representation of a microvascular self - healing material.  Reprinted 
with permission from  [46] .   
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prepolymer and hardener out of the networks and into the crack plane via capillary 
action. These liquid healing agents would mix and then cure, healing the coating. 
This system was capable of recovering an average of 60% of the fi lm fracture tough-
ness and healed 16 times prior to the blockage of the top of the network by polymer-
ized epoxy  [47] . Further refi nement of the network design has improved the healing 
performance of these two - network materials to allow at least 30 healing cycles  [48] .   

  17.3 
 Intrinsically Healing Materials 

 While the systems described above utilize secondary phases added to the host 
material, there are some systems that have been designed to be  “ intrinsically ”  
self - healing. To date these systems have not been incorporated into epoxy prepoly-
mers, but the following sections have been included to provide a more complete 
picture of the current avenues of development in self - healing materials. Since the 
area of self - healing is still in the early stages, the incorporation of an intrinsic 
healing functionality into epoxies may yet be developed. 

  17.3.1 
 Remendable Polymers 

 Remendable polymers are materials that require the outside addition of force or 
heat to initiate or complete the healing process. In these materials, reversible cova-

     Figure 17.13     Liquid healing agent on the surface of a coating drawn from a microvascular 
substrate. Scale bar represents 5   mm.  Image courtesy of K. Toohey.   
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lent bonds in the polymer backbone provide sites of molecule - level repair. Damage 
in the polymer, such as a crack, will break these reversible bonds and the applied 
heat and pressure will allow them to reform, recovering much of the initial mate-
rial properties. Most successful remendable polymers are based on the reversible 
Diels – Alder reaction shown in Scheme  17.2 . The fi rst demonstration of healing 
in a solid polymer through reversible polymerization was reported by Chen and 
coworkers  [49] . This polymer consisted of a combination of a tetrafunctional furan 
and a trifuntional maleimide, as shown in Scheme  17.3 . The resulting material 
was optically clear and could repeatedly heal fractures, but required exposure to 
120    ° C to complete the healing process. In an effort to produce other remendable 
materials, researchers have expanded on the concept of the reversible furan –
 maleimide bond to produce new materials with a variety of properties. Potential 
routes to application of these materials in other, more traditional polymeric back-
bones are in the initial stages  [50] .    

  17.3.2 
 Supramolecular Assembly 

 A related approach to the remendable polymers described above is to utilize revers-
ible, non - covalent bonds as the building blocks of a polymeric material. While 
these materials have yet to demonstrate mechanical properties near that of epoxies 
and other high - performance thermosetting resins, the inherent architectural fl ex-
ibility of supramolecular polymers allows a wide range of physical properties. One 
of the fi rst demonstrations of healing behavior in a polymer utilizing non - covalent 
bonding was demonstrated by Cordier  et al.   [51] . This rubbery material utilized a 
mixture of small molecules that were linked together through hydrogen bonding 
and was capable of nearly recovering the initial material strength after 3   h of room -
 temperature healing.   

  17.4 
 Potential Applications of Self - Healing Materials in a Bio - Engineering Setting 

 Self - healing materials can conceptually be utilized in any polymeric device des-
tined for biomedical use. However, the most likely initial applications are in 
devices and implants that are susceptible to mechanical failure. One potential 

     Scheme 17.2     Schematic representation of the Diels – Alder (to right) and retro Diels – Alder (to 
left) reaction. In this system R and R ′  and X and X ′  do not necessarily need to be connected.  
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candidate for incorporation of self - healing functionality is bone cement, which is 
frequently utilized in joint replacement surgeries. In cemented repairs, the pros-
thetic is fi xed into the host bone with a polymer cement. The eventual loosening 
and failure of the adhesive cement leads to failure of the implant  [52] . Incorporat-
ing a self - healing functionality into these materials could potentially reduce the 
number of implant revision surgeries that are performed. While there are concep-
tual applications of self - healing in biomedical settings, the current healing systems 
do not utilize materials that have been FDA approved for medical use. The signifi -
cant barrier of acquiring FDA approval must be overcome before self - healing 
medical devices are a reality. This will require either novel application of currently 
FDA - approved chemicals and polymer systems or full - scale clinical trials of new 
self - healing systems destined for biomedical application.  

     Scheme 17.3     Representation of a polymer formed from a trifunctional maleimide and a 
tetrafunctional furan.  



 References  343

  17.5 
 Outlook for Self - Healing Materials 

 The development of new self - healing materials is continuing at a rapid pace. 
Several large research groups in the United States, Europe, and China are focusing 
on the development of novel healing strategies for all material classes. Signifi cant 
progress has also been made in attempting to integrate this material approach into 
engineering applications. At the moment, the most likely candidate for commer-
cialization is in paints and coatings. This is primarily the result of the lesser 
mechanical requirements and generally reduced consequences of failure. However, 
this application stands to have a signifi cant impact on the economic losses related 
to corrosion by drastically improving the corrosion protection properties of coat-
ings. Continuing work is also progressing in the areas of ceramics and even 
metallic materials, both applications require a signifi cant rethinking of the healing 
approaches described above.  
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   18.1 
 Defi nitions of Epoxy Polymers 

 As a starting point of this last chapter let us fi nd a typical answer that is provided 
to the question:  “ What are Epoxy Polymers? ” , asked by someone who is not 
acquainted with the fi eld. Nowadays, to fi nd an answer for this question one relies 
on the information stored in the Internet. A typical answer is the one we found 
in Wikipedia ( “ the free encyclopedia ” ), at the time of writing this chapter, an 
extract of which follows:

   “  …  epoxy or polyepoxide is a thermosetting epoxide polymer that cures 
(polymerizes and crosslinks) when mixed with a catalyzing agent or hard-
ener. Most common epoxy resins are produced from a reaction between 
epichlorohydrin and bisphenol - A. The fi rst commercial attempts to prepare 
resins from epichlorohydrin were made in 1927 in the United States. Credit 
for the fi rst synthesis of bisphenol - A - based epoxy resins is shared by Dr. 
Pierre Castan of Switzerland and Dr. S.O. Greenlee of the United States in 
1936. Dr. Castan ’ s work was licensed by Ciba, Ltd. of Switzerland, which 
went on to become one of the three major epoxy resin producers worldwide. 
Ciba ’ s epoxy business was spun off and later sold in the late 1990s and is 
now the advanced materials business unit of Huntsman Corporation of the 
United States. Dr. Greenlee ’ s work was for the fi rm of Devoe - Reynolds of 
the United States. Devoe - Reynolds, which was active in the early days of 
the epoxy resin industry, was sold to Shell Chemical (now Hexion, formerly 
Resolution Polymers and others)  …  ” .   

 Historical recalls are certainly useful but this text merits some remarks. The 
fi rst one is that it is clear from this citation that as epoxies are the most common 
thermosets, epoxy chemistry is almost universally associated with thermosetting 
polymers. However, as shown in Chapter  2 , high - molar - mass thermoplastic epoxy 
polymers with robust mechanical behavior, adhesion to a variety of active surfaces, 
attractive optical characteristics and good - to - exceptional barrier to oxygen and 
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other atmospheric gases, are produced by the reactions of bisepoxides with various 
dinucleophilic monomers. Therefore, epoxy formulations are found in both fami-
lies of thermosetting and thermoplastic polymers. The second remark is that there 
are alternative ways for the synthesis of epoxy monomers apart from the typical 
one based on the reaction of bisphenol - A and epichlorohydrin. Of particular inter-
est are epoxy monomers based on renewable resources that might constitute one 
of the predominant families of epoxies in the not - too - distant future, as mentioned 
in Chapter  4 . However, many other types of epoxy monomers are used, like the 
epoxy acrylates employed for high - performance coating applications (Chapter  3 ). 

 Another typical statement that is used in the introduction of scientifi c papers 
dealing with epoxy polymers is the following one:

   “ Owing to their superior mechanical properties, ease of processing, and 
excellent chemical resistance, epoxy - based polymers have been widely 
used as structural, coating, and adhesive materials in many demanding 
application fi elds: automotive, aeronautics, electronics, and electrical 
engineering. ”    

 Although this statement is correct it does only address the usual applications of 
epoxy polymers. The role of epoxy - based polymers as functional materials, however, 
remains mostly unknown. Engineered nanostructured epoxy - based materials can 
be manufactured and potentially used as novel functional materials for a variety 
of new applications: optoelectronics, telecommunications and multimedia, energy 
storage and production, medical applications, membranes, packaging, and so on, 
as discussed in several chapters of this book. 

 In this fi nal chapter we will summarize some signifi cant concepts discussed in 
previous chapters as well as the perspectives for the development and applications 
of epoxy - based advanced materials.  

  18.2 
 New Monomers and Formulations 

 As mentioned in the previous section, the fi rst commercial attempts to synthesize 
bisphenol - A based epoxy monomers date from the period 1927 – 1936. Epoxy chem-
istry is therefore an old one. But new epoxy monomers have found important 
practical applications. For example, thermosetting epoxies based on epoxy acr-
ylates cross - linked by the reaction with polyacids or polyanhydrides are especially 
suitable for high performance powder coatings (Chapter  3 ). Epoxy formulations 
based on renewable resources have been described in Chapter  4 . Typical mono-
mers include epoxidized vegetable oils,  epoxidized natural rubber  ( ENR ), epoxi-
dized lignins, saccharide - based epoxides, and so on. But they need optimization 
and technological developments. 

 Innovations in formulations involve the search for new and more effi cient 
organic catalysts/initiators to activate the polymerization not only by heat but also 
by using UV - radiation or electron beam accelerators. 
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 One - pot epoxy formulations typically use imidazole or dicyandiamide to initiate 
the polymerization through a complex reaction scheme (Chapter  15 ). Dicyandi-
amide is thermally latent because it is a solid at room temperature that melts 
and dissolves in the epoxy monomer at elevated temperatures to initiate polym-
erization. The need for a phase transformation results in practical drawbacks 
during manufacture and processing, such as the diffi culty in dispersing the 
curing agent and the resulting inhomogeneous cure. A miscible liquid initiator 
with a similar range of latent properties would solve these problems and provide 
signifi cantly improved systems. Recently, ionic liquids have been proposed as 
thermally latent curing agents for epoxies  [1] . The structure of the ionic liquid 
and its concentration determine the cure behavior and the properties of the result-
ing polymer network. 

 Innovations in formulations for cationic UV - curing of epoxy monomers 
are necessary for the synthesis of advanced epoxy coatings with applications 
in fi elds such as optics, electronics, membranes, sensors and catalysts (Chapter 
 12 ). Similarly, epoxy formulations that can be cured by the use of low - 
energy electron beam accelerators are the subject of development efforts (Chapter 
 13 ). An important issue is the environmental harmlessness of these new 
formulations.  

  18.3 
 Nanostructured Epoxies 

 Nanosciences and nanotechnologies have pervaded the fi eld of materials in an 
impressive way. The possibility to design and control the structure of materials at 
the molecular scale has opened an entire set of advanced applications. The produc-
tion of nanostructured polymeric materials requires the use of macromolecular 
engineering as an integrated chemical process. In this context a variety of materials 
based on nanostructured epoxies has been developed, as discussed in several 
chapters of this book. 

 In Chapter  6  it was shown that the nanostructuration of linear amphiphilic 
epoxy polymers through tail - to - tail - associations of alkyl chains can be used to 
produce physical gels. These polymers can be regarded as a type of block copoly-
mer with grafted hydrophobic (alkyl) blocks on a linear polar structure. Nanostruc-
turation of these amphiphilic polymers can take place both in solution and in the 
bulk. They can be processed like thermoplastics at conveniently high temperatures 
and form physical gels simply by cooling. The transition is completely reversible 
and may lead to several applications. 

 Nanostructured epoxies can be obtained by adding an adequate amphiphilic 
block copolymer to an epoxy formulation (Chapter  5 ). Nanostructures can be 
produced via either initial self - assembly before reaction or reaction - induced micro-
phase separation. To avoid macrophase separation it is essential to keep the mis-
cibility of one of the blocks with the epoxy throughout the cure (or at least up to 
high conversions). But the nanostructuration can also be conserved by producing 
a very fast polymerization reaction, for example, by a fast UV - cure (Chapter  12 ). 
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This allows one to  “ freeze ”  the self - assembled structure, avoiding further reorgani-
zation that could occur during thermal polymerization. 

 Hybrid  organic – inorganic  ( O – I ) epoxy networks are a relatively new class of 
advanced materials. When using preformed  nanoparticle s ( NP s) like  polyhedral 
oligomeric silsesquioxanes  ( POSS , Chapter  8 ), nanoclays (Chapter  9 ) or  carbon 
nanotube s ( CNT , Chapter  10 ), the problem to be solved is the control of the disper-
sion of these NPs in the initial formulation and the stabilization of the dispersion 
throughout the cure. Agglomeration after mixing or during cure is still one of the 
principal technical diffi culties. Several approaches to produce convenient disper-
sions were discussed in the aforementioned chapters. In general, the greatest 
challenge in developing nanostructured epoxies (either organic – organic or hybrid 
O – I) is to learn how to control and then how to optimize the interface interactions 
at all stages of the material formation. At the same time, manufacturing steps for 
the synthesis of stable nanostructured epoxies have to be reduced, trying to pre-
serve, whenever possible, the effi ciency with respect to the synthesis of conven-
tional epoxies. Chemistry and processing together can help to solve this problem; 
in this way, new materials with outstanding properties are expected to be obtained. 

  In situ  synthesis of NPs constitutes another way to synthesize hybrid O – I nanos-
tructured epoxies. Silica clusters can be generated in an epoxy matrix (Chapter  8 ). 
A homogeneous (on a large scale) hybrid involving interpenetrating epoxy and 
silica networks can be formed by controlling the different reaction steps and using 
specifi c catalysts. Co - continuous phase structures are typically generated in con-
trast to the particulate type nanocomposites produced by using preformed NPs. 

 Materials consisting of specifi c organic molecules (such as molecular liquid 
crystals, organic pigments, etc.) embedded in an epoxy matrix have been devel-
oped. One way to prepare these organic – organic nanomaterials is to fi nd the 
optimum interplay of weak and strong physical interactions (supramolecular 
chemistry) with covalent bonds (crosslinks). This implies the control not only of 
the chemistry but also of the rheology and thermodynamics in the same process. 

 An interesting route for preparing complex polymer systems is the use of block 
copolymers as hosts of organic and inorganic NPs in an epoxy matrix. In this 
strategy the amphiphilic block copolymer, containing one epoxy - miscible block 
and one immiscible block, works as a self - assembly agent and simultaneously the 
blocks act as hosts for the dispersion of the organic and inorganic NPs. This route 
can be used to prepare complex nanostructured epoxies containing both organic 
(liquid crystal) and inorganic (hydrophobic titanium dioxide) NPs dispersed in an 
amphiphilic PS -  b  - PEO block copolymer. Dispersed NPs spontaneously form well -
 defi ned highly dense arrays of titania nanodots located in the interface between 
the epoxy matrix and the microphase - separated LC/PS - block, leading in this way 
to the synthesis of novel hybrid materials  [2] . 

 Exfoliated   α  - zirconium phosphate  ( ZrP ) nanoplatelets have been used instead 
of block copolymers to disperse ligand - free ZnO quantum dots in an epoxy matrix 
down to the single particle level  [3] . This work demonstrates the possibility of 
dispersing and stabilizing a low volume fraction of NPs without the use of covalent 
functionalization or physisorbed macromolecules. 
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 Efforts have also been made on  “ bottom - up ”  approaches for the generation of 
self - assemblies of NPs in the course of an epoxy polymerization. An interesting 
example is the self - assembly of organo - modifi ed clays into wormlike microarrays 
 [4] . Clusters of 8 – 60 clay platelets, spaced by hundreds of nanometers, in radial 
and fanlike arrangements were observed. Three - dimensional multilayered worm-
like or semicoliseum microstructures were generated in a very fast process. Gen-
eration of perfect self - assembled organic – inorganic structures is typical in nature 
(bones, seashells, etc.), although at much lower rates. 

 A large effort is still required regarding theoretical predictions and modelling 
of morphologies and properties of epoxy matrices containing nanofi llers. An excit-
ing point is that nanofi llers bring a new dimension into modelling. The effects of 
a large interface on the chemistry and network structure of the epoxy matrix have 
to be quantifi ed. Moreover, there is only limited knowledge on how interactions 
at the nanoscopic and mesoscopic level affect macroscopic properties.  

  18.4 
 Engineering Properties 

 It is well known that epoxy - based materials guarantee excellent adhesion, chemical 
and heat resistance, good - to - excellent mechanical properties and very good electri-
cal insulating properties. Additionally, the chemistry of epoxies and the range of 
commercially available variations allow cured epoxy polymers to be produced with 
a very broad range of properties such as: high thermal insulation or thermal con-
ductivity combined with high electrical resistance for electronic applications, 
optical transparency and thermal stability. For many applications adhesion is the 
main required property. In this sense, as stated in Chapter  11 , it is important to 
keep in mind that the best adhesive is not the one that adheres the strongest but 
is the one exhibiting the longest service life, especially under humidity. 

 In the fi eld of coatings nanostructured epoxies have drawn considerable attention 
in recent years due to improvements in various properties including scratch and 
abrasion resistance, heat stability and various mechanical properties (Chapter  12 ). 

 Shape - memory polymers represent polymers that are capable of memorizing 
temporary shapes and recovering their permanent shapes upon external stimula-
tion, most typically by thermal activation. A critical parameter for a shape - memory 
polymer is its shape - memory transition temperature. For a thermosetting 
polymer, the shape - memory transition temperature corresponds to its glass tran-
sition temperature,  T  g . Variables affecting the glass transition temperature of 
epoxy polymers are well described in the literature  [5] . Therefore, it is easy to 
tailor this temperature by an adequate selection of the epoxy formulation. A set 
of crosslinked epoxies with  T  g s above room temperature was found to possess 
excellent shape - memory behavior  [6] , a fact that opens new advanced applications 
for epoxy polymers. 

 The toughening of crosslinked epoxy has been an interesting and challenging 
topic for over four decades. Signifi cant efforts have been undertaken on epoxies 
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toughened with micrometer - sized liquid rubbers, core – shell rubber particles and 
thermoplastic particles  [7] . The addition of rubbery toughening agents usually 
leads to a signifi cant increase in fracture energy, but tends to cause severe deterio-
ration in the  T  g , modulus, strength and other properties. The introduction of 
thermoplastic particles gives, typically, a moderate toughening effect and does not 
produce satisfactory results for low temperatures or high - rate test conditions. As 
discussed in Chapter  5 , a new epoxy toughening approach using self - assembling 
amphiphilic  block copolymer s ( BCP ) has been developed. Incorporation of small 
amounts of BCP can produce signifi cant improvements in fracture toughness 
without compromising other properties of the neat epoxy network. Mechanistic 
investigations revealed that the dominant toughening mechanism is matrix shear 
banding induced by cavitation of BCP micelles  [8, 9] . 

 Properties of hybrid O – I nanostructured epoxies are determined by morphology 
and by interfacial interactions. A strong interaction between NPs and the epoxy 
matrix leads to immobilization of polymer chains, increase in  T  g  and a reinforce-
ment effect. A designed interfacial chemistry is used to strengthen interactions 
and improve properties. Successful functionalization of preformed nanofi llers like 
POSS, CNT or lamella silicates (either inside the galleries or on the edge of plate-
lets) has been shown to be an effective route for improving dispersion and interac-
tions with the epoxy matrix. The epoxy hybrids exhibit a signifi cant improvement 
in a variety of properties such as thermal stability, mechanical properties, oxidation 
resistance, surface hardening and reduction of fl ammability (Chapters  8  –  10 ,  12 ). 
This enhancement of properties occurs at very low  “ nanofi ller ”  contents, provided 
an appropriate dispersion is achieved. 

 Due to the need to reduce the weight of transportation vehicles (planes, trains, 
automobiles, etc.) to reduce fuel consumption, epoxy composites are one of the 
most important choices as lightweight materials for structural applications. 
Processing engineers are always confronted with the need to fi nd an optimal way 
to impregnate the fi bers with the epoxy formulation for an effi cient production of 
high - quality parts. New trends towards higher levels of sophistication, cleanliness 
and automation for the production of advanced composite structures are continu-
ously being developed (Chapter  14 ). Low - cost fabrication can be achieved with 
automated preform fabrication, such as braiding and automated tow placement, 
followed by appropriate and innovative resin injection techniques. Rapid process-
ing by means of electron beam curing offers advantages for high - volume and 
low - volume production in the aircraft, aerospace, automotive, marine, and sport-
ing goods industries. A very important fi eld where electron beam curing has 
already been in use is the repair of composite structures (Chapter  13 ). 

 Signifi cant progress has been made in attempting to integrate development of 
new self - healing epoxy materials into engineering applications. At the moment, 
the most likely candidates for commercialization are focused in the paints and 
coatings sectors (Chapter  17 ). Research and development efforts are also ongoing 
in the development of self - healing materials for the fi eld of epoxy composites. The 
development of epoxy - amine composites with highly mobile reversibly cross -
 linked secondary phases can be a new route for the development of self - healing 
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epoxies  [10] . This is fully in accordance with concepts developed in some chapters 
(Chapters  5 ,  6 , and  15 ) of this book. 

 Well - aligned CNT yarns are excellent candidates for epoxy reinforcement 
(Chapter  10 ) and the same processes developed for the preparation of epoxy/
carbon fi ber composites can be adapted to fabricate epoxy/CNT yarn composites. 
Placing CNTs only at certain locations of interest rather than throughout the 
matrix is a strategy to consider, which can be used to decrease costs and to prevent 
an overall increase in the matrix viscosity. 

 Novel epoxy - based thermoplastic curable formulations have been developed by 
the incorporation of block copolymers with an appropriate chemical structure and 
the control of the cure conditions. Transparent and nanostructured cured materi-
als with good mechanical properties can be obtained. Films, fi bers, engineering 
thermosetting powders, B - stage prepregs, and so on, can be produced using this 
strategy (Chapter  15 ). 

 Structural epoxy foams are low density materials, thermally and chemically 
resistant, which are used for the encapsulation of electronic components but can 
also be used as lightweight materials for the transportation industry. The elabora-
tion is very complex involving the control of a signifi cant number of parameters 
affecting the process. The self - expansion of epoxy foams in complex geometries 
by a production - level foam - processing computational model was described in 
Chapter  16 . The model can be used to address foam encapsulation processing 
issues such as voids, incomplete embedding, and inhomogeneous properties and 
microstructure. Novel foaming techniques, involving acid anhydride based rea-
gents that produce CO 2  during a nucleophilic - initiated polymerization or decom-
position, have been developed. Coupling chemical CO 2  generation and resin cure 
in an epoxy system can be used for the manufacture of new families of epoxy 
foams.  

  18.5 
 Functional Properties 

 A great challenge in the fi eld of materials science is the development of materials 
with specifi c functional properties (optical, electrical, magnetic, etc.). These  “ tailor -
 made materials ”  can be advantageously synthesized using epoxy chemistry to 
control the morphologies generated and the resulting functional properties. Inter-
esting optical, magnetic, dielectric, thermal and transport properties may be gener-
ated in nanocomposites produced by dispersions of metallic NPs into an epoxy 
matrix. In some cases, the initial dispersion of NPs is frozen by the crosslinking 
reactions. In other cases, the epoxy polymerization produces the self - assembly of 
metallic NPs into complex structures with hierarchical organization levels  [11] . 
This self - assembly process can be used as a  “ bottom - up ”  approach for the synthe-
sis of smart materials. 

 Novel thermo - responsive inorganic/organic epoxy materials based on hydropho-
bic titanium dioxide nanoparticles and dispersed liquid crystals have recently been 
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developed  [2] . These hybrid nanocomposite materials can fi nd applications for the 
fabrication of liquid crystal color displays and special electro - optical devices 
(Chapter  7 ). 

 Epoxy networks exhibiting high ionic conductivity are excellent candidates as 
high performance electrolytes for lithium ion batteries and electronic double layer 
capacitors. Self - standing thin fi lms of an epoxy network based on the reaction 
of ethylene glycol diglycidyl ether with poly(ethylene glycol) bis(3 - aminopropyl) 
terminated ( M  n    =   1500), modifi ed with 15   wt% of the ionic monomer glycidyl 
trimethylammonium bis(trifl uoromethanesulfonyl) imide, exhibit an ionic con-
ductivity of 1.5    ×    10  − 3    S   m  − 1   [12] . The covalent fi xation of the cation in the structure 
of the epoxy network enables one to avoid the problems of leakage that have to be 
considered when using ionic liquids. Poly(ethylene glycol) spacers contain ether 
coordination sites that assist the dissociation of salts. Their fl exible structure leads 
to sub - ambient values of glass transition temperatures that enhance the ionic 
conductivity ( T g     =    − 62    ° C for the particular epoxy network mentioned above).  

  18.6 
 Health - Related Issues 

 Health - related issues are a major concern for the industrial use of NPs and the 
development of nanocomposites. An open question concerns the environmental 
load of end products containing NPs dispersed in a polymer matrix. For example, 
some specifi c materials like wood - coatings can be burned at the end of their useful 
life. Nanoparticles can evolve as a kind of aerosol that can be potentially harmful 
for living organisms or mutagenic for plants. Such risks must be carefully studied, 
addressed and eliminated. There are strong efforts by several organizations in this 
direction.  

  18.7 
 Life - Cycle Assessment 

 The design of products from initial molecules / precursors up to the engineered 
end - use products, including chemistry, processing, engineering, material proper-
ties and fi nal assembling, requires an integrated approach supported by trans -
 disciplinary collaborations. This integrated approach is a guide tool for scientists, 
technology developers, designers and policy makers, but can also play an impor-
tant role in creating a sustainable future, with products that are not only economi-
cally attractive, but also environmentally friendly. At this point, life - cycle assessment 
and life - cycle costing methodologies are an aspect to be used to assess the envi-
ronmental and economic performances of a product throughout its entire life cycle 
and to identify processes in the life cycle that require special attention, as they 
contribute signifi cantly to environmental impacts or to the costs.  



 References  355

  References 

1     Afl al ,  M.  ,   Rahmathullah ,  M.  , 
  Jeyarajasingam ,  A.  ,   Merritt ,  B.  ,   Van  
 Landingham ,  M.  ,   McKnight ,  S.H.  , and 
  Palmese ,  G.R.   ( 2009 )  Macromolecules ,  42 , 
 3219 .  

2     Tercjak ,  A.  ,   Gutierrez ,  J.  ,   Peponi ,  L.  , 
  Rueda ,  L.  , and   Mondragon ,  I.   ( 2009 ) 
 Macromolecules ,  42 ,  3386 .  

3     Sun ,  D.  ,   Everett ,  W.N.  ,   Wong ,  M.  ,   Sue , 
 H. - J.  , and   Miyatake ,  N.   ( 2009 ) 
 Macromolecules ,  42 ,  1665 .  

4     Chan ,  Y.N.  ,   Dai ,  S.A.  , and   Lin ,  J.J.   
( 2009 )  Macromolecules ,  42 ,  4362   .  

5     Pascault ,  J.P.  ,   Sautereau ,  H.  ,   Verdu ,  J.  , 
and   Williams ,  R.J.J.   ( 2002 )  
Thermosetting Polymers ,  Marcel Dekker , 
 New York .  

6     Xie ,  T.   and   Rousseau ,  I.A.   ( 2009 ) 
 Polymer ,  50 ,  1852 .  

7     Pascault ,  J.P.   and   Williams ,  R.J.J.   ( 2000 ) 
 Formulation and characterization of 

thermoset - thermoplastic blends , in 
 Polymer Blends , vol.  1  (eds   D.R.   Paul   and 
  C.B.   Bucknall  ),  John Wiley & Sons, Inc. , 
 New York , p.  379 .  

8     Liu ,  J.  ,   Sue ,  H. - J.  ,   Thompson ,  Z.J.  , 
  Bates ,  F.S.  ,   Dettloff ,  M.  ,   Jacob ,  G.  , 
  Verghese ,  N.  , and   Pham ,  H.   ( 2008 ) 
 Macromolecules ,  41 ,  7616 .  

9     Liu ,  J.  ,   Sue ,  H - J.  ,   Thompson ,  Z.J.  ,   Bates , 
 F.S.  ,   Dettloff ,  M.  ,   Jacob ,  G.  ,   Verghese , 
 N.  , and   Pham ,  H.   ( 2009 )  Acta Mater. ,  57 , 
 2691 .  

10     Peterson ,  A.M.  ,   Jensen ,  R.E.  , and 
  Palmese ,  G.R.   ( 2009 )  Appl. Mater. 
Interfaces ,  1 ,  992 .  

11     Zucchi ,  I.A.  ,   Hoppe ,  C.E.  ,   Galante ,  M.J.  , 
  Williams ,  R.J.J.  ,   L ó pez - Quintela ,  M.A.  , 
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a
additive
– BCP as 290ff
– epoxy acrylate-based powder coatings 51f
– epoxy adhesive formulations 223
– HBP as 241
adherent 216ff
adhesion 215
adhesion promoter
– silane as 232
adhesive
– aluminum surface 143
– degradation process of 220f
– steel/concrete 223f
– steel/steel 224f
adhesive characteristics
– photocured epoxy coatings 242f
– thermoplastic epoxy polymers 31f
adhesive formulation
– ambient-cure formulation 223f
– composition of 225
– criteria for selection of 222f
– infl uence on surface morpholögy on 229ff
– mechanical properties of 227ff
– medium to high-temperature cure 

formulation 224f
– thermal properties of 227ff
adhesive work 220f
aging
– environmental 220
– in water 231f
alkoxy silane precursor 139ff
alkyl ammonium surfactant 164, 171f
antistatic epoxy coating 246
apect ratio 186
application
– BCP dispersion in photocurable 

formulations 237
– electron beam-cured epoxies 267

– epoxy networks 11, 119f
– expandable epoxy systems 286
– fi lament winding 283f
– hyperbranched polymers 239
– PDCL in optoelectronic devices 121
– pultrusion 285f
– self-healing materials 341f
– SMC/BMC technologies 283
– structural thermoset foams 303
– thermosetting epoxy polymers 289
application of epoxy polymers
– epoxy function acrylic polymers in 

coatings 49
– epoxy-POSS hybrids 154f
– epoxy-silica hybrids 143f
– nanostructured epoxy networks 

119f, 348
automated fi ber placement 284f
automated tape laying 284

b
BADGE see bisphenol A diglycidyl ether
barrier property see gas barrier property
barrier unit (BU) 34
BCP see block copolymer
BDDA see butane diol diacrylate
bioengineering 341f
biorefi nery 55
9,9′-bis(hydroxyphenyl)fl uorene 22
bis(triphenylphosphoranylidene)-

ammonium chloride (BTPAC) 
17f, 21

bisphenol A diglycidyl ether (DGEBA) 
1, 6f, 222, 226, 262, 291

– copolymerization with 
4,4′-sulfonyldiphenol 17

– OLS-modifi ed epoxy network 178
– poly(hydroxy ethers) derived from 19
– polycondensation with ECH 16

Index
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– polymer with diamine derivatives 34, 
110f, 123

– polymerization with piperazine 29
bisphenol F diglydicyl ether (DGEBF) 58
block copolymer (BCP) 9, 82, 236
– additive for controlling processing 291
– additive for controlling properties 290ff
– amphiphilic, in preparation of epoxy/

CNT nanocomposites 189
– characteristics of 122
– GMA, synthesis of 45f
– modifi er for epoxy thermosets 87ff, 290ff
– modifi er for forming nanostructured 

thermosets 82
– morphology of, in thin fi lm coatings 

237
– organic nanobuilding block 237f
– polymer dispersing agent for liquid 

crystal 129f
– self-assembly of 84
block copolymer-modifi ed epoxy polymers
– morphology of 87
– nanophase behaviour of 89ff
BMC see bulk molding compound
BOC see tert-butylcarboxylate
branching reaction 46
break stress
– amorphous thermoplastics 29
– crystalline thermoplastics 30
B-stage 276
BTPAC see bis(triphenylphosphoranylidene)-

ammonium chloride
bulk molding compound (BMC) 281f
butane diol diacrylate (BDDA) 46
carbon dioxide generation 318f

c
carbon nanotube (CNT)
– alignment of, in nanocomposites 195f
– covalent functionalization of 190f
– dispersion of, in epoxies 186ff
– effect on the curing of epoxy 

polymers 194
– epoxy infusion into pre-aligned 198f
– fl uorination of 193
– nanocomposites with epoxy 

polymers 185ff, 246
– non-covalent functionalization of 188ff
– pre-aligned 198f
– properties of 185f, 206
– surface oxidation of 191
castor oil (CO) 9, 57
cation exchange in lamellar silicate 164f
cellulosic material 69f

ceramic fi ller 244
chain copolymerization 4f
chain homopolymerization 3f
chain mobility 149f
characterization
– thermoplastic polymers 17f, 22
chemical blowing 303, 317f
clay 161
cloud-point 9
CNT see carbon nanotube
CNT yarn 205f
CO see castor oil
coating system
– crosslinking reactions in 48
– etch-resistant one-component liquid 

coating 49
– hydroxy functional acrylic polymer as clear 

coat 49
– organic-inorganic nanocomposite epoxy 

coating 236ff
– organic-organic nanocomposite epoxy 

coating 243ff
– powder coating 51f
– water-borne coating 53
cohesive energy density see interchain 

cohesion
co-monomer
– choice of 43f
– use of tertiary butyl acrylate as 43f
composite processing 271ff
compression molding 282
conti duo technology 286f
continuous stirred tank reactor (CSTR) 41
core-shell rubber (CSR) 263
coupling agent 140, 246
crack growth 335
crack-closure mechanism 329
crosslinked epoxies see epoxy network
crosslinking
– epoxy/acid 50
– melamine 50
– siloxane 246
crosslinking density 44, 50, 150, 153
crosslinking reaction 7
– cationic 59f
– epoxy acrylate coating systems 48
– epoxy group with 

tris(alkoxycarbonylamino)triazine 48
– infl uence of tertiary butyl ester 44
crossover temperature 294
crystal-nematic transition 131
CSTR see continuous stirred tank reactor
curing agent 84, 222
curing facilities 257f
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curing reaction 96, 100f, 173
– effect of CNT content on 194f
– electron beam curing 254f
– infl uencing parameters 255f
– ionic 253f
– mechanism of 254
– Quickstep process 278f
– UV curing 124, 236

d
DCPD see dicyclopentadiene
deagglomeration 235
demixing
– behaviour 100f
– liquid-liquid spinodal 123
demixing 239
density 306f
DGEBA see bisphenol A diglycidyl ether
DGEBF see bisphenol F diglycidyl ether
Dicy see dicyanodiamide
dicyanodiamide (Dicy) 226
– hardener 5, 291, 296
dicyclopentadiene (DCPD) as healing 

agent 326, 331
differential scanning calorimetry 

(DSC) 8, 69f
diglycidyl ether
– polycondensation with dicarboxylic 

acids 23f
– polymerization with 4,4′-(dimercapto)

diphenylether 21f
4,4′-diglycidyloxy-α-methylstilbene 26
4,4′-(dihydroxy)diphenylsulfone 22
4,4′-(dimercapto)diphenylether
– polymerization with diglycidyl 

ethers 21f
dispersed nanodomain 98, 100
dispersing agent 129
dispersion
– CNT’s in epoxies 186ff
– inorganic nanobuilding blocks 

244f
– lamellar silicates 162
– liquid crystals 121ff, 129f
– methods of 129
– nanoparticles 236
– OLS 166
– POSS units 148f
1,12-dodecanoic diacid
– as crosslinker for powder coatings 52
DSC see differential scanning 

calorimetry
d-spacing 167, 172
dual polymerization system 5f

e
EBBA see 

N-4-ethoxybenzylidene-4′-n-
butylaniline 124

ECH see epichlorhydrin
EDA see ethylenediamine
effective beam penetration 255
electric fi eld for CNT alignment 196ff
electron beam accelerator 258f
electron beam curing see also curing reaction
– application of 266f
– comparison with thermal curing 266
– cost analysis 265f
– effect of impurities on 256
– effect of initiator content on 256f
– effect on interfacial properties 263f
– infl uencing parameters 255ff
– initiator for 259f
– manufacture of material for 264f
– role of epoxy monomer 261f
– thermal history of 257
electronic encapsulation 303f
electro-response property 133
elongation
– amorphous thermoplastics 29
– crystalline thermoplastics 30
engineering
– thermosetting epoxy polymers 289ff
engineering property 351f
ENR see natural rubber, epoxidized
environmental aging 220
epichlorhydrin (ECH) 15
epoxidation
– 10-undecylenic acid 75
– fatty acids 57
– olefi nes 62
epoxidized castor oil (ECO) 57, 60
epoxidized lignosulfonate 69
epoxidized linseed oil (ELO) 57ff, 60
epoxidized natural rubber (ENR)
– degradation of, to liquid homologue 

(LENR) 63
– macromonomer 63
– polymerization with starch 64
epoxidized soybean oil (ESO) 57f, 60, 69
epoxy network
epoxy acrylate
– branched 46f
– defi nition 39
– design of, as fi lm-forming components 

in coating 42f
– powder coatings 42, 51f
– structure of 40
– synthesis of 39ff
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– water-borne coatings 53
– with dual-core 45
epoxy adhesive 215ff
epoxy adhesive formulation
– design of 216ff
– infl uence of temperature on 217ff
– mechanical requirements 219f
– toxicology of 221
epoxy coating see also epoxy acrylate
– functional properties of 39, 42f, 49f
– organic-inorganic nanocomposite 243ff
– organic-organic nanocomposite 236ff
– UV-cured 238f
epoxy equivalent weight (EEW) 262
epoxy foam
– epoxy foam able replacement (EFAR) 304
– removable epoxy foam (REF) 304
– rheological properties of 307f
– thermal properties of 311f
epoxy infusion 198f
epoxy monomer
– bearing a single epoxy group 72ff
– bearing multiple epoxy functions 64, 66
– formulations of 348f
– synthesis of 1f, 56ff, 72ff
– types of 1f
epoxy network
– application of 11f, 119f
– crosslinked, glass-fi ber-reinforced 59
– general properties of 11f
– toughening of 290f, 300, 351f
– formation of 6f
epoxy polymer
– based on azo-benzene organic 

molecules 133ff
– based on renewable resources 55ff, 72ff
– based on the epoxy-fatty acid 

chemistry 116f
– crosslinked nanostructured 115f, 118
– defi nitions 347f
– engineering of thermosetting 

epoxies 289ff
– engineering properties 351f
– lamellar silicate-modifi ed 161ff
– linear 16ff
– linear amphiphilic 112, 115f
– linear nanostructured 111f
– matrix for dispersed liquid crystals 121f
– nanoclay-modifi ed 179ff
– precursor based on monofunctional 

epoxies 116f
– self-assembly 109ff
– systems foamed via maleic anhydride 

polymerization 319f

epoxy prepolymer 222
epoxy reaction
– catalytic effect of OLS on 171
epoxy thermoplastic see thermoplastic epoxy 

polymer
epoxy thermoset
– fracture toughness of 103f
– modifi ed with block copolymers 83ff
– thermomechanical properties of 102
epoxy/CNT nanocomposite
– electrical properties of 203f
– fabrication process of 200
– interactions in 190, 194f
– mechanical properties of 201ff
– preparation of 187f
– thermal properties of 204
epoxy-acid reaction 4, 26
epoxy-amine coating 180
epoxy-amine reaction 3, 5
epoxy-amine-silica hybrid 139f
epoxy-anhydrid reaction 5
epoxy-based polymer dispersed liquid 

crystal 121f
epoxy-fatty acid chemistry 116
epoxy-miscible block 100f
epoxy-phenol reaction 5
epoxy-POSS hybrid
– application of 154
– classifi cation of 144
– hybrids with unbound POSS 149
– morphology of 145
– properties of 144, 149ff
– reactivity of 145, 153
– self-assembled 154
– structure of 145
– with pendant POSS 146f, 150f
– with POSS as network junctions 147ff, 

151f
epoxy-silica hybrid
– application of 143f
– morphology of 139f
– structure of 139f
– thermomechanical properties of 140f
3,4-epoxycyclohexyl methyl 3′,4′-epoxy 

cyclohexane carboxylate 2
10,11-epoxyundecanoic acid 26
ethylenediamine (EDA) 9
exfoliated state 161
exfoliated α-zirconium phospate 

nanoplatelet 350
exfoliation/intercalation process 161, 169
expandable epoxy system (EES) 286f
– application of 286
extra-gallery reaction 173



 Index  361

f
fatty acid
– epoxidation of 57
– epoxy chemistry of 116f
fi lament winding 264, 283f
fi lm-forming component 42
FO see 2-furyloxirane
foam stability, enhancement of 320
foaming material see also modeling 305f
foaming process
– chemical blowing 303, 317f
– foam rise 306
– physical blowing 303
foaming strategy 303f, 317f
– BOC based 320f
– maleic anhydride polymerization 318f
formation
– nanophase separated surfaces 237
– nanostructures in thermosets 83
– rubbery hybrids 141f
formulation
– ambient-cure 223
– CO-modifi ed DGEBA-EDA 10
– nanostructured epoxy thermosets 90f
– one-pot epoxy formulation 349
Fox equation 42
fracture toughness 175, 262f, 328, 333
– nanostructured thermosets 91, 103f
functional property 353f
functionality 1, 6, 43, 191
functionalization of CNT
– covalent 190f
– non-covalent 188ff
furfural 72
2-furyloxirane (FO)
– polymerization of 72f

g
gas barrier property
– infl uence of crystallinity on 35
– nanoclay-modifi ed epoxy polymers 179ff
– thermoplastic epoxy polymers 33f
gas production 306
gel conversion 7
gel structure 168
gel time 224
– catalytic effect of OLS on 170ff
gelation 2, 6f
– physical 112, 167f
glass transition region 140
glass transition temperature 8, 27, 42f, 102f, 

117, 241
glycidoxypropyl(trimethoxy) silane 

(GPMS) 111, 117

glycidyl methacrylate (GMA) 2
– copolymerization with styrene 41
– synthesis of block copolymers of 45
GMA see glycidyl methacrylate 39
GOS see p-glycidyl oxystyrene
GPMS see glycidoxypropyl(trimethoxy) 

silane
gravity-induced density gradient 317

h
hardener 1, 5
– amines for DGEBA-based PDCL 123
– crosslinking epoxidized oils 58
– thermoplastic curable formulations 290, 

296f
HBP see hyperbranched polymer
healing agent 326
– based on tungsten-hexachloride 337
– DCPD-Grubbs’ healing system 328, 

331f, 337
– polydimethylsiloxane (PDMS)-based 337
heat transfer fl uid (HTF) 278
4′-(hexyloxy)-4-biphenyl-carbonitrile 

(HOBC) 128f
high shear mixing 187f
HOBC see 

4′-(hexyloxy)-4-biphenyl-carbonitrile 128
HQ see hydroquinone-diglycidyl ether
hydroquinone 20, 22
hydroquinone-diglycidyl ether (HQ) 25
– polymer with 1,12-dodecanedicarboxylic 

acid 25, 30
– polymer with piperazine 27
5-hydroxymethylfurfural 73
hydroxypropyl cellulose (HPC) 70
hyperbranched polymer (HBP) 236, 239f
– hyperbranched fl uoropolymer (HBFP) 242
– phenolic 240
– properties of 240f

i
impact resistance 29, 81
impregnation 276f
in situ formation of mesoscopic structure 83
in situ self-healing system 334f
in situ urea-formaldehyde encapsulation 

327
infusion 271ff
– controlled atmospheric pressure resin 

infusion (CAPRI) 274f
inorganic domain
– in situ generation of 137, 246f
intercalated state 170
interchain cohesion 33
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interfacial interaction 139ff
interfacial properties 263f
intramolecular hydrogen bonding 33
intrinsically healing material
– remendable polymer 340
– supramolecular assembly 341
irradiation dose 256
irradiation energy 255f
isosorbide bis-glycidylether 71f

l
lamellar (phyllo) silicate see lamellar 

silicate
lamellar silicate
– chemical modifi cation of 163f
– dispersion of 162f, 165f
– properties of 160f
– structuration of 165f, 169
– structure of 160f
– mechanical properties of 173f
– morphology of 161f
– sol-gel transition of 168
life extension ratio 334
life-cycle assessment 354
lignin
– macromonomer 65f
– degradation by oxypropylation 66
liquid crystal (LC) see also PDLC, PNLC 121, 

123, 131
liquid crystal polymer (LCP) 236
loss modulus 113f

m
macromolecular splicing 63
macromonomer
– ENR as 63ff
– epoxidized vegetable oil as 57ff
– hydroxypropyl cellulose as 70
– lignin as 68
– limonene dioxide as 72
– sugars as 71
– wood as 70
magnetic fi eld for CNT alignment 196
maleic anhydride polymerization
– foaming of epoxy systems 318f
mass polymerization 41
mechanical deformation 198
mechanical properties
– adhesive formulations 227ff
– effect of incorporated POSS on 153
– epoxy thermoplastics 27f
– epoxy/CNT nanocomposites 201ff
– lamellar silicate-epoxy polymer 

nanocomposites 173f

melding process 281
metal alkoxide 137
metal complex initiator 260
metallic nanoparticle 247
micellization 82, 95, 238
microcapsule 327ff
microphase separation 294
– reaction-induced 84f, 96
– spinodal decompositon 140
model
– epoxy polymerization 307
– foaming process 303
– gas production model 306f
– material model 306
– slip model 307f
– thermal properties 311f
– variable density model 306f
– viscosity model 307f
model set-up 313
model validation 313f
modeling
– continuum-level model for foaming 

materials 305f
– discussion 316f
– experiments to populate numerical 

model 311f
– nanocomposite modulus 174
– numerical method 311f
– results 314f
modifi cation
– amorphous epoxy thermoplastics 34
– CNT by amine grafting 193
– CNT by fl uorination-derivatization 193
– CNT by surface oxidation 191f
– epoxy networks 159ff
– lamellar silicates 163ff
– nanoclay 179ff
– polar a/o hydrogen bonding groups 34
– silicate 159ff
– toughness by electron beam curing 262
– with block copolymers 87ff
modifi er
– epoxy formulations 8f
modulus
– amorphous thermoplastics 29
– crystalline thermoplastics 30
– nanocomposite, modeling of 174
molar mass 43
mold heating, methods of 278f
molding compound 289
montmorillonite (MMT) 160
morphology
– co-continuous during PIPS 125
– epoxy-POSS hybrids 145
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– epoxy-silica hybrids 139ff
– epoxy thermosets modifi ed with block 

copolymers 87ff
– lamellar silicates-polymer 

nanocomposites 161f
multi-walled carbon nanotube 

(MWCNT) 185, 190, 198, 204
MWCNT see multi-walled carbon nanotube

n
N,N,N′,N′-tetraglycidyl-4,4′-methylene 

dianiline (TGMDA) 2, 6, 222
N,N′-bis(3-hydroxyphenyl)adipamide 20
N-4-ethoxybenzylidene-4′-n-butylaniline 

(EBBA) 124, 126f
nanobuilding block
– incorporation into a polymer 138
– inorganic 243ff
– organic 236ff
– POSS as 138
nanoclay 179ff
nanocomposite
– dispersion state of 162
– epoxy/CNT nanocomposites 195f
– glassy epoxy nanocomposite 174f
– lamellar silicate-polymer 161ff
– modulus of 174
– organic-inorganic nanocomposite epoxy 

coating 243ff
– organic-organic nanocomposite epoxy 

coating 236ff
– rubbery epoxy nanocomposite 177
– silver-epoxy 247
nanodomain 100, 102f
nanostructure
– disordered 83
– formation in PEO-b-PEP 84
– formation mechanism of, 

in thermosets 83f
– ordered 96
nanostructured epoxy network 90, 349
– application of 119f
– fracture toughness of 103f
– healt-related issues 354
– linear amphiphilic 112ff
– modifi cation with linear amphiphilic 

epoxy polymer 115f
– thermomechanical properties of 102f
nanotube alignment 195
natural rubber 62f
nematic-isotropic transition 131
notched izod
– amorphous thermoplastics 29
– crystalline thermoplastics 30

o
OLS see organo-modifi ed lamellar silicate
onium salt
– hardener for thermosetting epoxy 

polymers 296f
– photoinitiator 259f
– UV-degradtion of 246f
optical induced birefringence 134f
optical property
– poly(hydroxy amino ethers) 32f
optical response 132
optical transmittance of PDLC fi lms 127f
optoelectronic property
– PDLC 122f
order-disorder transition 291, 294
organic-inorganic (O-I) polymer 

hybrid 137
– synthesis of 137
organic-inorganic domain 235
organic-organic domain 235
organo-modifi ed lamellar silicate (OLS)
– catalytic effect of 171
– dispersion of 166
– effect on stiffness/toughness balance 174f, 

177f
– epoxy-based ternary blends 178
– reactive medium 169f
– structuration of 166f, 169f
oxygen transmission rate (O2TR) 34
oxypropylation 66

p
packing densitiy 109
PCL-b-PB-b-PCL see 

poly(ε-caprolactone)-block-polybutadiene-
block-poly(ε-caprolactone)

PDLC see polymer dispersed liquid crystal
PDMS-b-PCL-b-PS see 

polydimethylsiloxane-block-poly
(ε-caprolactone)-block-polystyrene

PE-b-PEO see poly(ethylene-block-ethylene 
oxide)

PEO-b-PEE see poly(ethylene oxide)-block-
poly(ethyl ethylene)

PEO-b-PEP see poly(ethylene 
oxide)-block-poly(ethylen-alt-propylene)

PEO-b-PPO-b-PEO see poly(ethylene 
oxide)-block-poly(propylene oxide)-
poly(ethylene oxide)

permeability
– carbon dioxide 36
– infl uencing parameters 33f, 179f
– oxygen 35, 179f
p-glycidyl oxystyrene (GOS) 2
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phase separation
– block copolymer-based structures 237
– macroscopic 115, 237
– PIPS in preparation of polymer 

dispersed liquid crystal 123ff
– polymerization-induced (PIPS) 115, 121ff, 

139, 226
– reaction-induced (RIPS) 8f, 81, 

84ff, 179
– solution-induced (SIPS) 121
– thermal-induced (TIPS) 121
phase transformation in nanostructured 

epoxy thermosets 93ff
phenoxy resin see thermoplastic epoxy 

polymer, amorphous
photopolymerization
– cationic ring-opening 236
PIPS see also phase separation, 

polymerization-induced
plasticizer 231
PLS see polymer layered silicate 

nanocomposite
PMMA see poly(methylmethacrylate)
PNLC see polymer network liquid 

crystal
poly(ethylene oxide)-block-poly(ethyl 

ethylene) (PEO-b-PEE) 85
poly(ethylene oxide)-block-poly(ethylen-

alt-propylene) (PEO-b-PEP) 84, 92ff, 
100, 103

poly(ethylene oxide)-block-poly(propylene 
oxide)-block-poly(ethylene oxide) 
(PEO-b-PPO-b-PEO) 95

poly(ethylene-block-ethylene oxide) 
(PE-b-PEO) 128f

poly(hydroxy amino ether) 26f, 28, 111
– crystalline 29
– optical properties of 32f
– synthesis of 111
poly(hydroxy ester ether) 23ff
– synthesis of 24ff
poly(hydroxy ether sulfi de) 17f, 21f
poly(hydroxy ether sulfonamide) 22f
poly(hydroxy ether) 15ff
– BADGE-derived 19
– crystalline 21
poly(methylmethacrylate) (PMMA) 

290, 296f
poly(ε-caprolactone)-block-polybutadiene-

block-poly(ε-caprolactone) (PCL-b-PB-b-
PCL) 86f, 96

polydimethylsiloxane-block-poly(ε-
caprolactone)-block-polystyrene 
(PDMS-b-PCL-b-PS) 96ff, 103

polyhedral oligomeric silsesquioxane 
(POSS) 144f

– effect on polymer properties 149ff
– structure of 138
polymer dispersed liquid crystal (PDLC)
– optical applications 121
– optical properties of 126ff
– optoelectronic behaviour of 122f
– preparation of, by PIPS 123ff
– preparation of, using block 

copolymers 129f
polymer growth mechanism 1f
polymer layered silicate nanocomposite 

(PLS) 159
polymer network liquid crystal (PNLC) 

see also PDLC 121f
polymer structure
– block copolymers 45
– branched epoxy acrylates 46
– hyperbranched polymers 240ff
polymerization
– anionic 4, 17, 46
– cationic 4, 59, 73f, 260
– cationic UV-curing 249
– chain copolymerization 4f
– chain hompolymerization 3f
– chain-growth 2, 17
– dual 5f
– electron beam curing 261ff
– emulsion 170
– ENR with starch 64
– epoxidized lignin with aromatic 

diamines 68
– epoxidized oil 59ff
– free radical polymerization 39, 73
– head-to-tail 26
– in situ intercalative 169
– macromonomers based on renewable 

resources 56ff
– maleic anhydride 319
– mechanism of 3f, 9
– model of 307f
– monoepoxy monomers 72ff
– monomers bearing multiple epoxy 

groups 56ff
– quat-initiated bisepoxide-bisphenol 19
– radiation 253
– ring-opening metathesis (ROMP) 

327, 331
– step-growth 1, 3f
– supercritical carbon dioxide 41f
polymerization chemistry 1f
polystyrene-block-poly(ethylene oxide) 

(PS-b-PEO) 130f
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POSS see polyhedral oligomeric 
silsesquioxane

precursor 116f
– thermoset 293f
pre-intercalation 166
prepreg
– application of 276, 278
– autoclave prepreg 277f
– processing steps 276f
processing technique
– conti duo technology 286
– mass polymerization 41
– polymerization in supercritical carbon 

dioxide 41
– preparation of epoxy/CNT 

nanocomposites 187f, 198ff
– preparation of expandable epoxy 

systems 286
– preparation of thermoplastic curable 

formulations 298
– semi-batch process 40
– SMC/BMC technology 280ff
– solution polymerization 40
– suspension polymerization 41
PS-b-PEO see polystyrene-block-poly

(ethylene oxide)
pullwinding 286
pultrusion 285f

q
quaternary ammonium salt 17f, 24, 

51, 60, 172f
quaternary phosphonium salt 17, 26, 51
Quickstep process 278f

r
reactive site
– co-reactive site 1
– per monomer see functionality
reactivity
– epoxy-POSS hybrids 145, 153
refractive index 123
reinforcing fi ber 263
relative humidity (RH) 34
remendable polymer 340f
renewable resource 55
resin transfer molding (RTM) 198, 

275f, 278
resorcinol 20
rheological behaviour
– BCP/DGEBA systems 295, 298
– block copolymer blended with thermoset 

precursor 293f
Roctool cage system 278f

RTM see resin transfer molding
rubbery hybrid see also epoxy-silica hybrid
– formation of 141f
– structure of 141f, 153
– thermomechanical properties of 141f

s
scratch resistance 241
SCRIMP process 272f
SEC-LALLS see size exclusion 

chromatography coupled with laser light 
scattering detection

self-assembly
– alkyl chains 109f
– amphiphilic epoxy-based polymers 

110f, 238
– BCPs 290
– crosslinked nanostructured epoxy 

polymers 83
– epoxy-POSS hybrids 154
– linear nanostructured epoxy 

polymers 111f
self-assembly approach 84ff
self-healing 325ff
– Diels-Alder reaction 341
– fatigue cracks 333ff
– impact damage 336
– intrinsically healing materials 340f
self-healing epoxy composite
– application of 341f
– fatigue performance 334, 336
semi-batch process 40
sequestered healing-agent system 326f
– alternative healing chemistries 337
– hollow-fi ber-based healing 338f
– microcapsule-based 326ff, 335
– microvascular healing system 339f
shape memory alloy wire 329
shape memory polymer 351
sheet molding compound (SMC) 281
siccativity 56
silica
– nanofi ller for photocurable epoxy 

coatings 244
– in situ generation of 141f
silver alkene complex 260f
single-walled carbon nanotube 

(SWCNT) 185, 187, 192, 198, 202
SIPS see phase separation, solution-

induced
size exclusion chromatography coupled 

with laser light scattering detection 
(SEC-LALLS) 18

slurry-compounding 166
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SMC see sheet molding compound
SMC/BMC technology
– application of 280ff
– process of 282f
smectite 160
sol-gel process 137, 140f, 246
sol-gel transition 168f, 294
solid-phase wax encapsulation 330
solution polymerization 40
step growth polymerization 3
stiffness
– glassy epoxy nanocomposites 174f
– rubbery epoxy nanocomposites 177f
stiffness/toughness balance 175f
storage modulus 113f, 167, 171
structural epoxy foam 303ff
structuration
– at the end of reaction 172
– during reaction 169f
– lamellar silicates in a reactive 

medium 169f
– lamellar silicates in the initial 

formulation 166f
– of OLS 166
structure
– multiscale, of montmorillonites 160f
– epoxy-POSS hybrids 145
– epoxy-silica hybrids 139f
– lamellar phyllo silicates 160
– rubbery hybrids 141
sugar 70ff
supercritical carbon dioxide 41f
supramolecular assembly 341
surface free energy 216
suspension polymerization 41
SWCNT see single-walled carbon nanotube
swelling, of OLS 166
synthesis
– (linear) epoxy acrylates 39ff
– 2-furyloxirane 73
– azo-benzene-based epoxy polymers 134
– block copolymers of GMA 45f
– branched epoxy acrylates 46f
– epoxy foams 304
– epoxy polymers based on renewable 

resources 56ff
– epoxy/CNT nanocomposites 187f, 198
– macromonomers based on renewable 

resources 56ff
– monoepoxy monomers 1, 72ff
– monomers bearing multiple epoxy 

groups 56ff
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